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Introduction to QCD sum rules

This is one of the most attractive and applicable non-perturbative
phenomenological tools to Hadron physics.

. I , - .
QCD Lagrangian: LQCD = —ZG;YGHM + Z Wl D - My Wy,

q
qu = 3;;@3 - auGz —Qfﬂchinu
p="D"

, 94
DP‘» = d”‘l_zi/\ Gﬁ

In principle, besides the dinamics of quarks and gluons, this lagrangian should be

responsible for determination of hadronic properties. Unfortunately, it is valid only in a

limited region.
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»In very high energies, due to “asymptotic freedom” we can use this Lagrangian
and perturbation theory. However, when energy is decreased the coupling
constant between quarks and gluons becomes large and perturbation theory

fails.

5. Bethke, J Phys G 26, R27T (2000)
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» Hadrons are formed in low energies very far from the “asymptotic
freedom” and perturbative region.

— To investigate their properties, we need some
non-perturbative approaches.

Some non-perturbative methods:

v Different “relativistic” and “non-relativistic” quark models
vHQET

v'"Nambu—Jona-Lasinio mode

v'Lattice QCD

v (o does not include any free parameter
.............................. - is based on QCD Lagrangianin

v'QCD sum rules and One of the most o gives results in a good consistency
its extension: ——) {  with existing EXP. data

light cone QCDSR. O its results agree with Lattice predi.

Applicable tools to
Hadron physics O can be expanded to thermal QCD
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»Formation of hadrons and QCDSR

Under some conditions

P

asymptotic freedom

region energy
(perturbative effects) \

quark and gluon
condensates
(non-perturbative phen.)

hadrons:
mesons & baryons

distance

AC!CD -~ 2[:]0 MEV -~ 1 fm_1
Hadronic scale
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QCD sum rules in technique language

v" In this method, hadrons are represented by their interpolating quark currents.

v' The main object in this approach is the so called correlation function expressed
In terms of these interpolating currents.

@ Types of the corr. func.:
1) two point

T — ;'/d"“xejp“((O | T{n1(x)72(0)} | O),

we obtain: mass, residue (lep. decay. cons.)
2) three point

T = f'fd“xd“yefp"e_’fpy(o | T{mO)n"(0)2(y)} | 0),

we calculate: form factors used in decay rates, branchin

\_ ratio ... %
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3) light cone:

T — ,'fdd'xeipx (ﬂ, ’ T{TM(X)T_?Z(O)} ’ 0>

In this version, the OPE is done in terms of distribution amplitudes of the on-shell
particles with different twists. This can be used in all electromagnetic, weak and
strong decays.

These correlation functions are calculated in two different ways:

v Phenomenological or physical side: in terms of hadronic parameters
v" QCD side: in terms of QCD degrees of freedom

The QCD sum rules for physical observables:

Phenomenological = QCD side
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*%* Had F'ONS: subatomic colorless particles made of quarks
Mesons: one quark and one anti-quark (color+anticolor=white)
Hadrons

Baryons: 3 quarks

Exotic particles (experimentally not seen): Gluballs, tetraquark (dimeson),
pentaquarks, hexaquarks (dibaryon), octaquarks,...

S L P J JP

( Scalar 1 1 0 0+

Pseudoscalar 0O 0 - 0 0-

Types of mesons { Vector 1 0 - 1 1
Tensor 1 1 + 2 2*

\ Pseudotensor 1 1 - 2 2-




PS Mesons (light)




Vector Mesons (light)




Light Baryons

To construct the light baryons, we consider the SU(3) flavor
symmetry with quarks ¢' = u, ¢ = d and ¢° = .

Je3e3i=10e8e8 &1

qxq xq" = %(f/"q" i +q'dq +d'dqd +dqdq +dqdqd +4q"'qdq)
+ %(Qc]icﬂqk + 2([’ c‘/"qk - q'(]kqj — c]-ic'/kc]" - qk q~" c]i — qk q" q-i )
4 (l;(&'/"q-"q" -2¢/q'qd" +4'q"q’ - d'q"q' + d'a’q' — d"q'q’)
+ (l;(clicl" i -q'dd -qddqd +dqdq -dqdqd +dqdq)

_ Tl Uk o Tk Tk

1, ] and k goes from 1 to 3.




Light decuplet baryons: (Spin 3/2)

uark contents for decuplet baryons are

ddd udd uud uvuu
sdd  sud suu

ssd  ssu

AR Y




Light octet baryons: (spin 1/2)

or in terms of the quark contents:

udd uud

sdd sud suu

ssd  ssu

Light singlet (spin 1/2): A(uds)
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Heavy Baryons: contain one-two or three heavy “b” or “c” quarks

The baryons containing single heavy quark can be classified according to the

spin of the light degrees of freedom in the heavy quark limit, mgy — 0.

The spin of the light diquark is either § = 1 for 6, or § = 0 for 3r. The ground
state will have angular momentum / = 0. Therefore, the spin of the ground

state is 1/2 for 3 , while it canbe both 3/2 or 1/2  for 65

(*)x+2
2

k a, a+ 1, o+ 2 determine the charges of baryons (o« = —1 or 0), and the asterix (%) denote JF = %JF states. /
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Heavy sextet baryons (Spin 3/2)

Heavy sextet baryons (spin 1/2)

q1

g2

q1

q2

s+(++)
Zb(c)

s +(++)

b{c)

*U(+)
2 p(c)

x—(0)
Zb(C)

—+U(+)
—b(c)

—+—(0)

mw | n|laoa|Cc | C

)

N Q| S| Q| Q] S

b(c)

Cl |l ol cCc | C

L | A C | Q| Q|
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Doubly Heavy baryons: contain two heavy b or ¢ quarks

ground state of doubly heavy baryons with the identical heavy quarks ES({? and QSC)Q, the

pair of heavy quarks form a diquark with total spin 1. Adding then the spin-1/2 of light

quark, we have two states with total spin—1/2 or spin—3/2. The baryons with (without) star
stand for spin 3/2 (1/2) doubly heavy baryons. For these states, the wave functions should
be symmetric with respect to the exchange of two identical heavy quarks. Hor the states
containing two different heavy quarks, in addition to the previous case, i.e.| total spin of
diquark equal to one, the diquark can also have total spin zero, which leads to the total

spin 1/2 of these states. Obviously, the wave functions of these states (usually these states

are denoted by|Z;  and (2} )|are anti-symmetric with respect to the replacement b <> c. In

the present work, fe deal only with spin—1/2 doubly heavy baryons.

\
Asnti-symmetric wavefunctions Symmetric wavefunctions
with respect to exchange of With respect to exchange of
two heavy quarks Two heavy quarks

Thriply Heavy baryons: contain three heavy b or ¢ quarks: \Omega_{QQQ}

- /







Baryons with Up, Down, Strange and Bottom Quarks and Highest Spin (J =35)

oL L™

Three Bottom Quarks
not yet discovered

Two Bottom Quarks
not yet discovered

One Bottom Quark
not all discovered

No Bottom Quark
oll discovered
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Only symmetric part

-

J=1/2 b Baryons 3b

2.b

1 b

0b

All hadrons except protons are unstable and they decay. Neutrons are stable only
inside the atomic nuclei.

/
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In most of non-perturbative approaches, hadrons are represented by their
interpolating currents.

Interpolating currents=> correspond to the wavefunctions in quark model.

Interpolating currents of mesons
scalar: J5(x)= 91(x)q2(x)

Pseudoscalar: JPS(x)=71(x) 15 ¢2(x)

Vector: J¥(x)= 71 (X) % q2(x)

Axial-Vector: I8V (X)=q1 (x) Yu ¥592(x)

™~

interpolating current of each particle can create that particle from the vacuum with

the same quantum numbers as the interpolating current.

/
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Interpolating currents for baryons

We start to derive the interpolating field for nucleon (proton). The proton consists of
two “u” quarks and one “d” quark and has the quantum numbers 1=1/2, 1,=1/2 and
JP=(1/2)*. The simplest way to obtain the approciate isospin is to consider the proton
to be an up-down “diquark™ with I=0 with an up quark ( 1,=1/2 ) attached. Therefore,

one must first consider the construction of an interpolating field for diquark.

The interpolating current for a diquark is expected to be similar to that of a meson.

‘]mesonz qrq

b a Dirac matrix:{l,ys,Y,,YsY, 10}

How does one construct the diquark? It is possible by replacing antiquark with
its charge-conjugation analog:

q=Cq" ) G=q7C

b C=YoY- CT'=C1=C*=-C YoC Yo=-C
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‘ ‘]diquark:chrq

Now add the other “u” quark. The current must be color singlet so,

N~€ 40 (UATCIdP)"uc

{I 1Y51Vp’V5Vp10pv}

one should determine [ and I'". The form of ['can be constrained through
isospin considerations. Since the “u” quark quark attached to the “ud” diquark
has I=1/2 and 1;,=1/2, one can most readily guarantee that the proton has
these same quantum numbers by insisting that the diquark has 1=0.

Consider an infinitesimal isospin rotation. Under this transformation, the “u”
quark obtaines a small “d” quark component and vice versa. If the diquark has
vanishing isospin, then its contribution to the nucleon interpolating field must
remain invariant under this transformation, i.e., one must have

\ €.,cUBTCIUP=0 (1) and analogous relation for “d” quark

/




A simple way te determine those values of ' that satisfy the Eq. (1) is to
consider the transpose of both sides of this equation. One must first develop a
simple theorem. If A=BC, where A, B and C are matrices whose elements are

Grassmann numbers (anticommuting numbers or anticommuting c-numbers),
then AT=-C™BT

Proof:
(AT = Ay = B;; Cj=-Ci B~ '(CT)kj (BT)ji: -(C™BT)y
Now consider the transpose of the left-hand side of Eq. (1):
(€pUATCIUP)T= -g_, UPT [TCTu2
Using CT=C-1=C*=-C one obtains

(EapcUBTCTUR)T= g, UPT C(CITCY)ua  Where,

{ [ for I'=l, ys, Ysv,
CrrTct=

-I for= Yy Oy

_ “ Y,
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Switching color dummy indicies, one obtains

- €ancUTCTUY  for =), vy, VsV,

(€,,,UaTCIUP)T = {

EapcU?TCIUP  for = Yo O,

Vv

The transpose of a 1 byel matrix, such as ¢,,.uaTCluP Is equal to itself. Therefor,

gabcuaTcrub :O fOr r:|, Y5, Y5V|J

Thus isospin considerations impose the constraint '=l, ysor ysy,. Now consider
the spin. The “u” quark attached to the diquark has J=1/2 and J;=* %%. In constrac-
ting the interpolating field for the proton, it is simplest to take the proton to have the
same total spin and spin projection as the “u” quark. Thus the spin of the diquark
IS zero . This implies I'=l, yc; therefore, the two possible forms of the proton

interpolating field can be written as:
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{ N1=€anc(U3TCAP)I,'uc

N2=Eapo(U2TC Vs dO)T,'uS

The values of I';” and I, are determined through considerations involving Lorentz
structure and parity. Since n, and n, are Lorentz scalars, one must have

I, =loryg

Under the parity transformation the spinor y(x) becomes

Y'(X) = Yo W(X)

Applying this transformation to the individual quark fields in n,and n,
one obtains

{ N'1=€ancl (You?) TCYdPI ;" Yout=- €, (UaTCAP)I";” you®

N'2=€ancl(YoU2)TC Y5 YodPIl," Yout= €45 (UBTC y5 dP)I," yq UC
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On the other hand, applying the parity transformation to the interpolating fields as
a whole gives

{ N'1=€ape (UATCAP) yol;'uC
r]'Z:gabC (uaTC Vs db) Vorz’uc
Thus -yo[/= Iy, and [, y,=y,, @ Which implies
['= Vs =

Therefore, the two possible interpolating fields are given by

{ r]1:“:abc: (uaTCdb) V5 uc

r.|2:€abc: (uaTC V5 db) uc

These two fields can be combined in an arbitrary linear combination. A useful form is

N()=2 €4 [(W¥TCA®) Ysu+ B (UaTCysd®) U] B s an arbitrary real parameters.



From similar manner one can obtain the following interpolating currents for the

light and heavy baryons.

light spin 2 (octet) baryons:

A ~abc al /v by, ¢ al' /v by ¢ al' /v by ¢ al' v by c
n= A" {(q7" Cg)vsa5 — (g5 Caz)vsaf + 3(at” Cysaz) s — 3(g5 Cysdis)f

A q1 | 92 | 43
YO —\/1/2 u | s | d
X112 Ju| s | u
X7 1/2 | d|s | d
p —1/2 |ul|d]|u
n —1/2 | d|u|d
=0 1/2 | s|u|s
== 1/2 | s|d| s

2-1720(-1.{. S 4 =3t

™~

— _ \/gnfl '.'
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light spin 3/2 (Decuplet) baryons

abe al v c a c a ., by e
e = A gt Cyugd) g5 + (657 Crugt)af + (37 Crudi) 65 §

A q1 | 92 | 43
SO /2/3 | u | d| s
S*T V13w | u | s
>*T 1/31d|d| s
ATH 1 1/3 | uw | u | u
AT \/m u | u | d
A | \/1/3|d | d| u
A~ 1/3 | d|d]|d
=0\ \/1/3 | s | s | u
=* | \V1/3] s | s | d
Q- 1/3 | s | s | s
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Heavy spin %2 baryons

8 l abe a - c a c a ¢ “ ’

9 — ’ { ( A0 -)b)“_»ﬁfb y (qch%Qb) - [(Q T(?qé’)f»5q1' +0 (Q Tff’“f'f)qg) QI] } |
_— 1 obe o e ol c al ¢ a AP
i = <o)+ () + (40 340

+ (Q“T C-“@é’) V545 + (Q“T Cysab ) QT}

Q=borc
+(++) | $20(+) | §=0) | 2= (0) | Z0(+)" | ,=(0) | AO(+) | 5—(0) | Z0(+)
Zb{c} Eb(c} Zb{c) =b(c) | =ble) | ““b(e) Ab{c} =b(c) | =b(c)
q1 u u d d u s u d u
g2 u d d S S S d S s
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Heavy spin 3/2 baryons

m:A@ﬂ(Cm@Q+WCM@ﬂ

+ (Q°C nufh) }

#+(++) | v 0(+) | 5x=(0) | 2#0(+) | =*=(0) | *—(0)
2i(c) 2Zhe) | Ze) | S | She) | e
q1 u {7 d u d S
q2 7 d d S s s
A 1/3 2/3 1/3 2/3 2/3 1/3
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Interpolating currents for doubly heavy baryons

v'Spin-1/2

> 1 e e tal v c al v c al c

¥ = Efabc{(QaTCqb)f}sQ +(QTCP) s + Q™ Crysq”)Q + Q™ Cysq”)Q }
' 1 ¢ al c al 'c taT c ¢ al ! c
b= %fabc{ﬂQ LOQ" ) sq + (Q O )1sQ — (Q Cq")sQ° + 23(Q CsQ" )q

+ ;j)(QaT C'Yf:l!E;qb)Qm . Ij(Q!aT qursqb)Qc } :

T. M. Aliev, K. Azizi, M. Savci, Nucl.Phys. A895 (2012) 59-70; Phys.Lett. B715 (2012) 149-151

v'Spin-3/2
1

My = ﬁ Eabc{ (anC’Tnfﬁ.Qb)Q’c 1+ (ancvanbe)Qc 4 (QaT Cvnf_ﬁbe)qc }

T. M. Aliev, K. Azizi, M. Savci, J.Phys. G40 (2013) 065003




Interpolating currents for triply heavy baryons

v'Spin-1/2

Barvon | Q | ()
EEbbC b (

Qccb [ E}

T. M. Aliev, K. Azizi, M. Savci, JHEP 1304 (2013) 042

v'Spin-3/2 Baryon | Q |

Qe b | ¢

! aT th aT v, fe Vb I

= T {2AQT QN+ QTN o
Esz C c

T. M. Aliev, K. Azizi, M. Savci, J.Phys. G41 (2014) 065003
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Correlation Function

The main advantage of the QCD sum rules as a nonperturbative method is that, it
is based on the fundamental QCD Lagrangian.

As we previously said a direct use of this Lagrangian is possible only within the
limited framework of the perturbation theory. The condition that guarantees the

. . . — 2 4
smallness of the corresponding effective quark-gluon coupling @s = &;/47
and adequacy of the perturbative expansion is that, at least some of the quarks or
gluons in a hadronic process have to be highly virtual.

Mainly, high virtuality is obtained in a scattering of hadrons at large momentum
transfer. However, even for these hard scattering processes, a perturbative
calculation of the quark-gluon Feynman diagrams is not sufficient, since the
guarks participating in the hard scattering are confined inside hadrons. Therefore,
one should combine the perturbative QCD result with certain wave functions or
momentum distributions of quarks in hadrons.

We consider the two-point correlation 2y _ s | AL igx N
function g™) = ‘f‘ﬂx (0] T{j(x) j(0)} 10).

where ¢ is the momentum of the quarks, j(x) is the quark current that injects

K guarks into the QCD vacuum at point X. /
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[ = [0)0] + Z

h

]. d” py
J (2n)

Phenomenological Side

In this part, we show how the correlation function is related to the physically ob-
. . . S . ~ . ~ 7 ~
served hadrons. The invariant amplitude I1(g~) is an analytic function of ¢~ defined
at both negative (spacelike) and positive (timelike) values of ¢g*>. When ¢ is shifted
from large and negative to positive values, the correlation function starts receiving
contributions from long-distance quark-gluon interactions. In this regime, the quarks

start to form hadrons. Inserting a complete set of intermediate hadronic states with

the same quantum number as interpolating currents

¥

; Zmi(pﬁ — mﬁ}lh(ph})(h(p;,}l + higher Fock states,
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we get the physical or phenomenological representation of the correlation function

as:

AmI(P) = f O j 171 710y dru2r)*6“(q -
= Lnf}ro(q - my) + 27p"(q%) .

where, the summation goes over all possible hadronic states |h) created by the quark
“ T . - - . .
current j. The p"(g*) represents the contributions of the higher states and continuum

and f, = (0| j(O) | Ay 1s the leptonic decay constant (for mesons) or residue (for

baryons) of the ground state hadron (hadron with the lowest mass) and dt;, denotes
the integration measure over the phase space volume of these states.
Now, to link the values of the TI(¢?) for positive values of the ¢ to the negative values,
we use the Cauchy formula for the analytic function I1(¢*) and derive the dispersion

relation for the correlation function. Using the Cauchy formula for analytic functions,

- /




for the contour shown

* i . ¥ *
The contour in the plane of the complex variable 7 = ¢~. The open point represents

the ¢> < 0 reference point of the QCD calculation and the crosses indicate positions of the

hadronic thresholds at qg > (),

2 l [(z I I1(z]
[Mg) = =— dz (),,: .¢dz ®

2mi | z—q- 2mi
C

R
| [1(z +ie) — [1(z — i€)
+— (JrZ S .
2mi z—gq-
fmf'n

where, t,,;, 1s the threshold for creation of real states, the radius R of the circular part

\__ of the contour is to be sent to infinity.

/
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At — 00, if the function I1(z) vanishes fast

enough, the first term in the above equation vanishes. If it does not vanish, we can

7
A

. . ~ 3 \
expand the denominator in terms of ¢~/z, and eventually, at some order n, [1(z)/z"
would vanish sufficiently fast and the remaining terms will not contribute. Therefore,
. . " ~ " . 2 "
at this limit the first term reduces to a polynomial in g called subtraction terms.
- . " - T, - " . " " )
Considering the fact that the I1(g) function is real in the region g~ < t,,,, Schwartz

reflection principle states that I1(z + ie) — I1(z — ie) = 2ilmIl(¢?) at ¢* > t,,;,- Hence

the following dispersion relation

0

ImlIl(s) ,
ds —— + subtraction terms
. s — g — €

Fmin

is obtained. The Imll(s)/m = p(s) is the so called the spectral density

- /
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Combining Eqs. one gets the following relation for the hadronic side of the

correlation function:

()
)

) Iy "'(s) +
I(g”) = Ty f dsF—"2 1 subtraction terms,

7 ]

m,—q- J s—q

'i-';]

where s”

o 18 the threshold for the creation of higher mass states.

Theoretical or QCD Side

From the QCD side, on the other hand, the correlation function can also be calculated
in the quark-gluon language with the help of the operator product expansion in large
Euclidean region P < Ao

The OPE states that for small x, the time order
product of two currents at different points in the correlation function can be expanded

/

in terms of local operators with space time dependent coeflicients as:




T{0JO) = ) Cax)O,
i

where, C,;(x?) are Wilson coefficients which can be calculated using perturbation the-
ory and Oy are a set of local operators ordered according to their dimensions. The
lowest-dimension operator with d = 0 is the unit operator associated with the pertur-
bative contribution. In QCD, there are no colorless operators with lower dimensions,

d = 1,2. The operators with 3, 4, 5 and 6 dimensions are:

O3 = Y,
o o rapy
0, = G.G™
-
Os = .:_,fr{)‘m,?G”‘mf__!fh

e

Ow — (':.E’rr:":.—’if)(t.—?frst.—’rf) .

G i bV ecou
OF = fupG" GG,

v
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and so on. Here, operators with Lorentz indices are ignored because they do not
contribute to the vacuum-vacuum correlation function. The I, ; denote various com-

binations of Lorentz and color matrices. The correlation function can be written 1n

terms of the OPE as: [1(q°) = Z Cu(x*)(O0y).
d

The (Oy) form a set of vacuum condensates which parameterize the non-perturbative
effects. The vacuum averages of O5 and Oy are so called the quark and gluon conden-
sates, respectively, and the vacuum averages of the remaining operators are, corre-

spondingly the quark-gluon, four-quark and three-gluon condensates. Once the cor-

OPE

. - . N . . . . s
relation function is calculated using OPE, the spectral density 1s given as p“ "(g~) =

LImMNPE (¢%) and

) 0OPE () *
[I{(g°) = | ds——— + subtraction terms.
[ § = qu




QCD Sum Rules for Physical Quantities

Equating two representations of the correlation function, we obtain

2 P ~  OPE
-ﬁ: P I( S) . e (s)
——— + | ds——— + subtraction terms = ds———
m,=qJ S—q R s—q
S0

+ subtraction terms.

» ® ® ~ ® * >
To eliminate the subtraction terms, the Borel transformation with respect to the O~ =
—q* is applied on both sides. This also suppresses the contributions of the higher

states and continuum. The Borel transformation 1s defined as

-¢*)" d i,
n-ag T

2 .
By flq) =limgy,

0% _ a2
T—11‘.f




where, it leads to the following three important examples:

fBME(qE}k = 0, k>0

[ [ {E,—m2 [5]/M?
'(Bﬂ-'fz( 3 qk} — W) R \
(m=]s] — g°) (k— D' (M>)'k-1)
2 1
Brp(e™™) = 6(— — ).
m2( ( 2
Applying the Borel transformation
ﬁrﬁ {I?—Jw;'!;"fl-f‘ 4 [ti{?.'i,(?h(.'i‘]{?_s-hw; — [d-'ipﬂpE(.'i){?_'i'"-hwh
‘?h ||l{-:l

Sl:l

where, not only the subtraction terms has been eliminated, but the contributions of

the higher states and continuum are exponentially suppressed.




Quark-Hadron Duality Assumption

¥ - - - - - - - ) - - -
At O° — oo limit, the correlation function in QCD side 1s completely given in terms
of the perturbative part. The matching between two representations of the correlation

function and writing the QCD side in terms of two integrals, we get:

o 50 o
o I I el A2 R
.ﬁ:{? H'J';?_."rjrf + [‘(jﬁ}(?h(ﬂ){? sfM — [{i.ﬁ;}OPE{.? )ﬁ., 5/M + [{j.?}f}opg(.?]{’ s/M +
;g 0 ..;CI

To parameterize the contribution of the higher states and the continuum the following

approximation is considered:

ea (4]
[(jlgﬁ.};!(s;.{)—s."rﬂf" — f {;SF_}OPE{\S){)—ﬁfﬂf‘-h
.i'g 50




which is called the local quark hadron duality assumption. The s, in the above equa-
tion is called the continuum threshold. This threshold is not completely arbitrary and
it 1s related to the energy of the exited states. The result of the physical quantities
should be stable with respect to the small variations of this parameter. Applying the

quark hadron duality approximation, the final sum rules is obtained as:

S0

2 —meiM? 7 M-
f;r! e mi M= _ fdspt PE( §)e —s/M ..
0

2 . R . . .
where, the Borel mass squared, M~ is an auxiliary unphysical parameter in this sum
rules, hence the physical quantities should be independent of it. However, in sum
rules method the operator product expansion (OPE) is truncated and as a result the

~ . . - . .. g ol
dependency of the predictions of physical quantities on the auxiliary parameter M~

appears. For this reason one should look for a region of M? such that the predictions




for the physical quantities do not vary with respect to the Borel mass parameter. This
region is the so called the “working region® and within this region the truncation is
reasonable and meaningful. The upper limit of M? is determined from condition that
the continuum and higher states contributions should be small than the total dispersion
integral. The lower limit is determined by demanding that in the truncated OPE the
condensate term with highest dimension remains small than sum of all terms, 1.e.,

convergence of OPE should be under control.




/\/ Hadronic spectroscopy in vacuum:
Heavy baryons with a single heavy quark
@ Heavy sextet baryons (Spin 3/2)

| HQ’1|Q2\

I

£

2
wnlnwlo|la c|c
nwlaolclal a

Table: The quark fields g1 and g» for the heavy decuplet baryons.

Interpolating current:

N = Acapc {(q?T ”:’;:‘qg)Qc + (qSTCAf}t- Qb)chc + (QaTC":’;ng’)qg }

where C is the charge conjugation operator and a, b and ¢
are color indices.

HFH) [ 50 F) [ 5+—0) [ =30F) [ =+—0) [ o*—(0)
Zb(c) Zb(c) Xb(c:) —b(c) —b(c) Qb(c)
1/V3 | 2/3 | 1/V3 | 2/3 | /2/3 | 1/V3

Table: The value of A for the corresponding baryons.




Ty = z/ e (0 | T{n,(: H10)

Phenomenological side

@ Inserting the complete set of states between the
interpolating currents in 7,,,, with quantum numbers of
heavy baryons.

O [ nu | B(p))(B(p) |7, | Q)
p? —mg

T,u, %

@ The vacuum to baryon matrix element of the interpolating
current is defined as

(0 1,(0) | B(p.S)) = AgUu(p.s):

where \g — residue & u,(p. s) — Rarita-Schwinger spinor.




@ perform summation over spins of the spin 3/2 particles

_ (p+m 1
Z Uu(p,s)uu(p.s) = 5 ){__Q;U»V + 3w
S

2p,u,prf B P.Y — Puvu }
3m? 3m

° Putting all together

/\2
= 2 [_ ﬁjg,w + ]

T p—
[
p? — mjg




QCD or theoretical side:

@ On QCD side, after contracting out the quark pairs in

7,... using the Wick’s theorem, we get the following

expression for the correlation function in terms of quark
propagators

Thw

. : ] ) I I !
= A% oo / d*xe® (0| {S& -fr-,,Sggb YuSqe

!

cb! . «raa’ . obc’ ca' . o/bb' . cac’ cb' . raa’ . obc

+ SQ ,FV Sq1 }',tL qu + Sq2 ,FV Sq1 ;"I.LSQ + Sq2 ,FV SQ .lFl-L Sq1
cb! . raa’ . obc’ ca' . o/bb' . cac’ ., Qab' orba
cc’ ., Qab'  orba’\cocc .. ab' . orba \ccc

1

where S’ = CS' C and Sg(S,) is the full heavy (light) quark
propagator.




Wick’s Theorem

To,(z)p,(y) = of (@)¢] (y) + o7 (x)b; (y) + 7 (2)0F (¥) + ¢, (2)o] (v)

20 >0

= o7 (X)o7 () + o7 (W)o] (x) + 67 ()7 (y) + o7 (2)d] (v)
+ (o7 (%), 07 (v)].

¢,(x) = ¢f (x) + ¢1 (2)

d’p 1 - Pp 1 .
+ T :/ ‘ —ip-T. — :/ D T _+ip-x
I( ) (27{_)3 2Ep ap€ ) QSI (w) ( A€ .

$F(@)[0)=0 and  (0]¢} (x) = 0.

the contraction of two fields

[? — [(’b_i_ (33)7 (15_ (y)] for ;1;'0 > y{J;
o(x)p(y) = { 0t (y), 6 (2)] for g0 > 20,

-




e

This quantity is exactly the Feynman propagator:

o(z)p(y) = Dp(z —y).

T{¢($l)¢($2) T Qﬁ(lm)}
= N{cb(xl)cb(xg) c+ ¢p(xy, ) + all possible Contractions}.

D

normal ordering

for two fields:

1
T{¢(x)o(y)} = N{o(x)p(y) + p(x)o(y) }.
[ ] ] | |
T{$10203¢4} = N{d1620304 + $1020304 + 120304 + d10203¢4

1 [ ]

—
+ Q1020304 + Q1020304 + Q102034

mi 1 | [
+ @1920304 + GP10203P4 + ¢1¢2¢3¢4}-




e

]
N{¢1¢2¢3¢4} mearns DF (LUl — LL‘3) . N{¢2¢4}

\ Feynman propagator

1
o(z)p(y) = Dp(z —y).

(0| N(any operator) [0) = 0
since

N(apa,;r{aq) = a,;f{apa,q

(0| T{p1020304} |0) = Dp(x1 — x2) Dp(x3 — 24)
+ Dp(z1 — x3)Dp(r2 — 74)
+ Dp(r1 — x4)Dp(xe — 23).
So the time ordering product between vacuum states=all possible contractions




f d*k iy [
S~(x) — Sfee(y)_ | /—e_’ X/ av
a(X) Q@ (X)—19s (2m)4 0

i/l

K+ mq =G (VX) 0, + 1 VXHG'“’”",»U}
m

(mg — k?)? QK
m q9 m
Sq(x) = Sg%(X)~ 757~ <12> (1’ : )

_ 1§2m2<_ >( q)( —!st du

|
[ d GML‘(UX)JHV - UXHGMV(UX) "2

1672x2

4
: mq 7Y _X2A2 ~
32 G’(LUO- (In ( 4 ) + 2 }E)] .




@ the free part of the propagators are:

Sfree _ ] X mq
T TéXE
q 2 2X4 4 2)(’2

2 / 2
gfree  _ My K1(mQ _x2) : X m ,/_XQ
Q '?TQ \/—7}(2 4;12}(2 Q "

where K; are Bessel functions.
Integral representation of bessel functions:




e

We use these expressions for the propagators then perform integrate over x
(Fourier transformation).

To suppress the contribution of higher states and continuum, we apply also
the Borel transformation and continuum subtraction.

These transformations bring two auxiliary parameters:
Borel mass parameter, M2 and continuum subtraction s,,.

We should find their working regions such that the physical quantities are
independent of them.




e

@ we obtain the following result for \4:

-,
\ge it = A? 'l_l" + (g1 = Chﬂ ,

2
Q
2 (Mg, —6mq)(v22 + 2112 — 1)}
mg < q141 = >
|: 192mQ-;;2

1 . | .
— < 191 = [ﬁp(?ﬁ’oz + 210 — 2121 — 1)mq

+ (Y02 — 1)(Bmg, —2mg, )]] ...... } .

, e (@ — @)

m —
Bq |:|_|f + |—|,f(q1 - Q‘Qﬂ




3 .
; 6:__-___—__________________-_______—
& .
= — 5, =6.2°GeV’
= 4l — 5,=6.5"Ge V" |
520 25 30

M (GeV?)

Figure: The dependence of mass of the {2, on the Borel parameter
M? for two fixed values of continuum threshold sg.




T.M. Aliev, K. Azizi, A. Ozpineci, Nucl. Phys. B 808 (2009) 137.

/ mﬂ:x mﬂx mz * mz " me. mE *
, b c b c b c
thiswork [ 6.08+£040 | 272+0.20 | 585+0.35 | 251 +0.15 [ 5.97 £0.40 | 2.66 £ 0.18
[7] 6.063% 5", | 2.790F 0L | 5.835F N [ 2.534t N | 59201 L | 28347 Lt
[8] 5.088 2768 5.834 2578 5.963 2.654
] - - 5.805 2395 - -
[10] 6.090 2.770 5.850 2.520 5.980 2.650
[17] - 2.768 - 2578 - -
[12] 5.083 2.760 5.840 - 5.966 -
[13] 6.060 2.752 5871 25388 5.959 2.680
Exp[14] - 2.770 5836 2520 - 2.645
PDG

Table: Comparison of mass of the heavy flavored baryons in GeV
from present work and other approaches and with experiment.
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v'"Masses and residues of the doubly and triply heavy
baryons
Brief introduction to calculations: spin %z triply heavy

Hadronic side

R




OPE side

[(q) = di€sineimn f dApeie <0H — 5SSt Sy 4 5 STy [S S"””]
+ B — 1651555 S — S5 S5 1655 + 1655 Tr | SEs S
+ SgaTr(SESEs] ) + 82 - Sssiiaest + SgTr|sgisSE ] ) }0)

where S’ = CSTC

2 ..
mg Ky(mov —x2 m

So(x) = —2 1(mg ) _ af Ky(moV —a?)
472 —12 4?1"3 12

k. k+mg u
o . —ikx d ) (".lw » G.FW »
s f (2?1‘)46 l n [Q(TILQ — k?)? ()0, + m Q j2 /

where /{7 and K5 are the modified Bessel functions of the second kind

i (q) —/ als) —ds

s —q>

i = 1 and 2 correspond to the structures ¢ and I, respectively.

-







a m2 m2 2 N\
Hogy = —— + —~ +—= -5,
L= —n (&
[ Aapm? T
oin = 51— =y [ =) (1—v = ——2) |
21 s —my /|
L[ 4mg, T
1 2| ¢+\/( N bs—mz,)
1_ —
Urmin = 9 |® + mgy — 4mg — \/(S +mp, —4my)? —dm,s |,
[ :
qzbmam — E s+ m?@-’ - 4m?@ + \/(S + m?@f - 4m2Q)2 — 4??1%;3

Smin = (2??1@ + mQ:)Q

Borel mass
parameter

Continuum threshold

/
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Doubly heavy spin--1/2 baryons :

T.M. Aliev, K. Azizi, M. Savci, Nucl.Phys. A895 (2012) 59

7\ Some non-perturbative approaches
J 7 N K N
T I \

Baryon | M? 5o | This work [11] [12] [13] ﬁ] [}9] Exp [20]
Sy | 11.0 [ 10.9 | 9.96(0.90) | 9.78(0.07) | 10.17(0.14) | 9.94(0.91) | 10.202 | — —
Q| 11.0 | 10.9 | 9.97(0.90) | 9.85(0.07) | 10.32(0.14) | 9.99(0.91) | 10.359 | — —
S | 80 | 7.5 6.72(0.20) | 6.75(0.05) — 6.86 6.933 | 7.053 —
Qpe | 8.0 | 75 | 6.75(0.30) | 7.02(0.08) — 6.864 7.088
.. | 5.0 | 46  3.72(0.20) | 4.26(0.19) | 3.57(0.14) | 3.52(0.06) | 3.620
Q.. | 5.0 | 46 0.20) | 4.25(0.20) | 3.71(0.14) | 3.53(0.06) | 3.778
= | 80 | 7.5  6.79(0.20) | 6.95(0.08) — — 6.963
' | 80 | 7.5 | 6.80(0.30) | 7.02(0.08) — — 116

Table 1: The mass of the doubly heavy spin-1/2 baryons (in units of G€V') at 3 = £2.

SELEX Collaboration
K M. Mattson et.al, SELEX Collaboration, Phys. Rev. Lett. 89, 112001 (2002). /




Doubly heavy spin--3/2 baryons :

Our Work _
] [10] and [15] [11] 6] [14]
Structure ¢g,,,  Structure g,,

= 3.69£0.16 3.72+0.18 3.58+0.05 3.90£0.10 | 3.727 | 3.61£0.18
QF 3.78+0.16 3.78+0.16 3.67£0.05 3.81£0.06 | 3.872| 3.76£0.17
= 10.441.0 10.34£0.2 10.33£1.09 | 10.35£0.08 | 10.237 | 10.2240.15
=5 7.2540.20 7.240.2 — 8.00£0.26 | 6.98 —
. 7.3£0.2 7.35+0.25 — 7.54+0.08 | 7.13 —
95 10.540.2 10.440.2 10.38+1.10 | 10.284+0.05 | 10.389 | 10.384+0.14

Table 3: The mass spectra of the spin—3/2 doubly heavy baryons in units of GeV .

T.M. Aliev, K. Azizi M. Savci, J.Phys. G40 (2013) 065003

We have no experimental data yet
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Triply heavy spin--1/2 baryons

We have no experimental data yet

This work (¢) | This work (/) [20] [12] [13] [19] [14]
Qe | 117342016 | 11.714£0.16 | 11.50 £ 0.11 | 11.139 | 11.280 | 10.30 £0.10 | 11.535
Quep 8.50 +0.12 8.48 +0.12 8.23+0.13 | 7.984 | 8018 | 7.4140.13 | 8.245
Qppe | 1059 +£0.14 | 10.56+0.14 | 10.47 £0.12 - - - -
Qeeh 7.794+0.11 7.74+£0.11 7.6140.13 - - - -
Table 2: The masses of the triply heavy spin—1/2 baryons (in units of GeV’). For the
baryons with over-line, the M S values of the quark masses are used.
This work (¢) | This work (/) 20]
Qppe | 0.534+0.17 0.45+0.15 | 0.68£0.15
Qeep | 0.384+0.13 0.30 £ 0.10 | 0.47 4+ 0.10
Qppe | 0.854+0.28 0.65+£0.22 | 0.68+0.15
Qeer | 0.56 +0.18 0.38+0.13 | 0.47+£0.10
Table 3: The residues of the triply heavy spin—1/2 baryons (in units of GelV/?).

baryons with over-line, the M.S values of the quark masses are used.

T.M. Aliev, K. Azizi, M. Savci, JHEP 1304 (2013) 042

For the
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Triply heavy spin--3/2 baryons

M?*(GeV?) Vso(GeV) | m(GeV) | A(Ge %69
Qee(37)| 4580 | 56402 | 4.72+0.12 |0.09£0.01
QCCC(%_) 4.5 — 8.0 H.840.2 4.9+0.1 | 0.11£0.01
Qoop(37) | 6.0-10.0 | 88402 | 8.074+0.10 | 0.0620.01
uccb(%_) 6.0—10.0 | 9.040.2 8.35+0.10 | 0.07£0.01
--bbc(%Jr) 8.0—10.5[12.0£0.2 |11.3540.15 | 0.0840.01
Qe (37) | 8.0—105 122402 | 11.5+0.2 |0.09£0.01
Quop(37) 1120 18.0 [ 153402 | 14.3+0.2 | 0.1440.02
Qupp(27) | 12.0—18.0 [ 155402 | 14.940.2 | 0.2040.02

(0171 Bs/2+(2))
(0|n,| Bz2)-(q))

T. M. Aliev, K. Azizi, M. Savci, J.Phys. G41 (2014) 065003

No experimental data yet

= A@3/2)+U,(q) .
= A

(3/2)= /sty ( q ) )




/\/ mass and decay constant of vector \Upsilon meson at finite temperature QCD \

v v
b b
,’ ;7
AP AP
T Decays into Light Scalar Dark Matter g g
~N ~
\\ (D* \\ (Di
N N
b b

Thermal correlation function

Moy 1) = [ e (T (2,(5)100)).

(4 — Ir(e™™74) ], (2) = Q()7,Q(x) : with @ = b
Trie—FH)
where H is the QCD Hamiltonian, and 5 = 1/T

We modify the hadronic and QCD sides considering the medum conditions and use
the following thermal propagator:

1

S(k) = (v"k. +m) (k:? — m?2 4+ ie

+ 2min(|ko|)8 (K2 — -m?)),

where n(z) = [exp(/3z) 4+ 1]7! is the Fermi distribution function




Ve

1

Sﬂa’ﬂaﬂperf(i‘f) - _Zg(tf] (I:I) (;{z .?nlﬁjﬁ [gr{}.( k’ 4+ '?Tl—) + (k( + 'Tn-)f}'_.{}l]
_ igg(tﬁtﬂf)aﬂ c ( )Cf:p( )(kfj—. (f.&gm, + foppr + fapws) (K +m),

where,
fcr,fl‘,r.w — Ta{ k + 'TH)'}’,:;( k + 'm')hf.u ( .k‘ + '?n')'.]"'v

To go on, we also need to know the expectation value (1T7rG.sG,.). The Lorentz covariance
at finite temperature permits us to write the general structure of this expectation value in

the following manner:
c 1 a area
<T"}" Gaﬁ’Gw} — 24 (Qaﬂgﬁ’v - QMQﬁ#NGAJG >
1 . o
6 {gm{ 950 — Jawf5n — 2(Ual, 95, — Uy, G5, — Usly, Jay + -u.ﬁ-u.yga_“)} (u.”‘ O u),

where, u* as we also previously mentioned is the four-velocity of the heat bath and it is
introduced to restore Lorentz invariance formally in the thermal field theory. In the rest
frame of the heat bath u* = (1,0, 0,0) and u? = 1. Furthermore, ©9_ is the traceless gluonic

-




part of the stress-tensor of the QCD. Up to terms required for our calculations, the non
perturbative part of massive quark propagator at finite temperature is obtained as:

' 1 ’ ]_
Gaa noﬂperf(k) — _Zg(tr_ﬁ)aa Gi,k(k,z - ) [gh;\(ﬁ -+ TTE) (}&f -+ -',rn.)(fn}i
. 2 gaal 2
i 20 (P m K)o s L T
T 3R —m2) T (GG + gy [k — ) (K — 4(k - w)?)

+ (m* — kg)( —m* +4(k - u-jz) K44k - u)(m? — k*)? 74 (u* 07 Ju’ )}

(0) =2(09) = 6 x 10~ %exp[80(T — 0.1)](GeV?),  Lattice QCD

(©) =(O5) +3 p, Chiral perturbation theory

2 TS *.L
270 FJ‘ n (Tp)

gl M T\ 3 15T 105 T° My
b= 31’“(”_1 )2 (1 * 8 My * 128 -m.ﬁfr)m:p( ; m?)

O =

where A, = 0.275 GeV', F. = 0.093 GeV and m, = 0.14 GeV.

™~




Continum threshold

#lf) =5 [1 - (%)1 +aml (TE

where 77 = 1.1 7, = 0.176 GeV'.

Gluon condensate

NS (i 0

exp[12(L —1.05)] +1

Temperature dependent strong coupling constant
11

g 2(T) = In (?WT) 4+ o1 In [2 In (QﬂT )} 3

Sr2 8872

\irs AFrs

where, Az ~ 7../1.14




0.00 0.05 0.10 0.15 0.20
10.0 . . . . . 10.0
98- 9.8
%
Q
=7 S
9.6 1 41 9.6
------ Chiral, * Lattice s =98 GeV*
] [----Chiral, Lattice s;=100 GeV* 2
—Chiral, ® Lattice s;=102 GeV’ -
9'4 T T T T T T 94
0.00 0.05 0.10 0.15 0.20

T(GeV)

my (GeV)

my (GeV')

Present Work .

3.05 £ 0.08

9.68 £ 0.25

Experimental [27]

Z

3.096916 + 0.000011

9.46030 + 0.00026

Z

PDG

\
E. Veli Veliev, K. Azizi, H. Sundu, G. Kaya, A. Turkan
Eur.Phys.J. A47 (2011) 110

/
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constant remain
unchanged up to

start to diminish after

deconfinement temp.
The mass and decay
constants decrease
about %(10-20) ,
(50-80)%, respective
This can be consider

0.00 0.05 0.10 0.15 0.20
1.0 . . . . 1.0
40.8
S
& 106
NS
_ e <298 GaV? *
044 | Chiral, * Lattice s,=98 Ge : 0.4
----Chiral, 4 Lattice s,=100 GeV* B
——Chiral, ® Lattice s,=102 GeV’ |
0.2 . . ) . 0.2
0.00 0.05 0.10 0.15 0.20
T(GeV)
Fopo(MeV) | fr(MeV)
Present Work 481 + 36 746 4+ 62
Lattice[25, 26] 300 + 4 —
Experimental [25, 26] 409 4+ 15 708 £ 8
Potential Model [25] 400 + 45 685 &+ 30
Nonrelativistic Quark Model [26] 423 716

\phase.

/I\/Iass and decay \

T=(0-100) MeV but they

this point. At critical or

as a signal of transition
to quark-gluon plasma

ly.
ed

/




v Nucleons in nuclear matter

K. Azizi, N. Er, Eur. Phys. J. C (2014) 74:2904

M(p) =i [ dae™ GlTLI @) TO)]0)
Hadronic side

(Yo] /() J(0)]2b0)

*V(p* 5)) (Ar(p* S)

Ime(p) = — *
(p) p? — mi? u
(bU‘J(I) N(p, ‘5)> = Anu(p, ),
NE (B +my) A2
HHad(p) _ N N R N + o
p? — mi? (¥ —m%)

-




Af

HHad - _
(p) (p“‘ _ Eij’)/}’“ — ('TH-N + ES)

+ ...,

where ¥ and Xg are vector and scalar self-energies of the nucleon in nuclear matter

o a1 !t
Z'p p— Ey (7 _|_ Zlf/;) !

where ¥, and ¥/ are constants and «* is the four velocity of the nuclear medium.

A%2
=T ) - (my + )

[THad(p) — + ...,

174 (p) = TL“(p?, po) ¥ + TI ““ (%, po) t + T1E““(p*, po) 1,




1

HHad _ )\1:2
(P°, po) 02 — 2’
Had . *2 EL’
I ““(p*.p) = +AN
P — p?’
HHad _ _)\4:2 TH\”
(p pﬂ) p . :U'z

Here mk = my + X and p? = m¥f — 2 + 2peX,.

éHHGd(pszD) _ _/\*QEj ,LLQ/ﬂIE
EHHQd(pz,pD) _ _1_)\*22 G—HEJMHQ

w

Engad(p{po) _ _)\4‘2”1\”&3 ;.Lg/ﬂfgr




OPE side

HOPE(p) _ HEPE ﬁ + HSPE }ti 4+ HgPEI

H?PE:/ pi(s) ds.

s — p?
where p;(s) = LIm[IT9"#] are the spectral densities.
H(_)pE(;}) — _4'iEabCEa"b"c" / dilél,‘tjp‘r<3.-':‘:0 { ( 5‘—5 ( )C)-rbu ( :)Sficr(:lj)f‘:rf)

S T S ()55 )] ) + 5 (268 (e (1) (0

+ b ( )gm( )ES, ( )5 — V85, ( ) [ggb( )f55!ba ()]

— Sy (x)ysTr [5%( )SE (@)

— Se(x)Tr [5,:{“ ()75 ()7 )}

1 r"il”'O > .

+ 37 (Si ()5S () 7552 (2

/




s
=2
=
&
1l

Xaa( )kbj(“)
Xaaxbﬁ’ﬂ:f —

(@aa(@)B5(0)) py =

-

<

(%IT[ "(2)3(0 )]I%)pw

1 1
(Sab (Sab
272 (a?)? C4x? g2
a —b ig-‘-‘i A ab, A 1 v v
ITH0) - L FA ) Lo o 4] 4

(qaﬂ(ﬁ)q_bﬁ(onpwﬂ F Fﬁf — <C Ci)
QaagbﬁGi)er kab 3%..? Xda = <@’m%3@m Qdc‘5>

Oub 1 .
12 [(<QQ)pN + (G Duq) px + 255“56, (GDuDvq)py + ) Cof

1
+((q WD pon + T (GAD L) oy + zfﬂ’“ (GaD,Dyq) ,n + ) ":ﬂig]-




D, = +(v. D+ D7)




MOPE = 11F 4+ o,

1 50 Ve
~ e /D dse5/M* g2 {5 + 3(2 + 5,6’)}

1 30 2
+727T2/0 dse*/M {—8[5+ﬁ(2+5ﬁ)]mq<qq)pN

STTE
Bt =

+9(—=1+ ) [3(1 + B)mg + 2m, + 4ﬁmu] (79) px




455+ 3(2 +1 B)](gmoqm}

(g2G” > /m —s/M2(n | - 2
— dse /" (6 + 7450
0dmt J, e (O IH50)
! : 2
+ T {( 1+ 05) [ (-10(1 + F)mg + (26 + 438)??315):\[

+8 (3(1 + B)mg + 2m., + 4_.-5'???-1;,) p%] }<ngJG'q> o

1 - _
4&1[2w2{(1+8) [(l+ 50)mu M = 32(1 + 25)mapy
—4(1 + B)mg(M? + 12p§)] }(qé DyiDoq) o,
1

~Tig { [3(6’ — 1)m, (4(1 + B)mg — (1 + 5_,._5’)-7?1._1!_)

. 1 ‘
—|—1£}(;} + B(2 + ))pD] }<QT3‘DDQ>p:¢ 1+ 362 { [ + B(2 + J@)] rnqpé}




—\2e —p? /M? _

2

BHOPE.

o (BHI?JDE)

~3Z)

STTOPE
B HD

Input Parameters Values
Po 1 GeV
m,y, 2.3 MeV
my 4.8 MeV
PN (0.11)3 GeV3
(@'0) o 5PN
(49)0 (—0.241)% GeV?
my 0.5(m,, + my)
ON 0.045 GeV
(q9) px (@a)o + 52-p
(q'9.0Gq) —0.33 GeV?py
{(q"iDoq) 0.18 GeVpy
(71 Doq) oy Smgpy =0
ma 0.8 Gel'?
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my (GeV) my (GeV) A2 (GeV') A (GeV')

Present work 0.7234+0.122  1.04540.076  0.0009 4 0.0004 0.0011 £ 0.0005
[40] - 0.985 - 0.0012 4 0.0006

41] ; 0.990 + 0.050 _ ]

Table 2: Average values of the masses and residues squared in nuclear matter and vacuum
obtained from sum rules analysis and the comparison of the results with the existing results
of the vacuum sum rules for the loffe current [40], and value of the mass obtained via loffe

current in vacuum cosidering the strangness content of the nucleon [41].
From our analysis we obtain the values >g = —(322+£51)MeV
and Yo = (420 £ 65)MeV for the scalar and time-like vector self-energies

of the nucleon in nuclear medium, respectively.




1.0 1.0
0.8 s 0.8

3 S

~ 0.6 5p=1.75 GeV* . ;; 0.6 5p=1.75 GeV*

= MP=1 GeV? = ME=1 GeV?
0.4F p=-1 , 0.4F p=—1 o
{]2 . L I] 2 o L
{]‘{] » » » » » 3 » [L[l » » » » » » »

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
PNPR PNIPR

sat

Figure 7: Ay /An versus py/p" (left panel). m%, /my versus py/p53¢t (right panel).




/ “*Decay properties of hadrons:

v'Electromagnetic intractions of hadrons /their electromagnetic
properties and radiative decays

» using the radiative N->N+photon transition, we investigate the electromagnetic

properties of the nucleons

v One of the main objectives of QCD is to understand the properties of nucleons (p&n).

Q Complicated
s picture
V :}{in ur proton,
‘bein ur quarks
Simple picture
4 I

Generalizing the interpolating currents of the nucleon and using distribution amplitudes of it, we
calculated the electromagnetic form factors of the nucleons and got comparable results with
the experiment. We observed that the loffe current sometimes lies out of the reliable region.
Using the EM form factors, we calculated the charge and multipole moments of the p &n.

.




Nucleon electromagnetic form factors

Applications: Magnetic dipole moments of the heavy spin 1/2 and 3/2 k

@ The electromagnetic form factors of nucleon are defined by
the matrix element of the electromagnetic current J¢'
between the initial and final nucleon states

(N(p') | J5'(0) | N(p))
~ N(p) n-—-ﬁ(@z)—m;—mmq%(aﬁ N(p).

where Q¢ = —g?, is the negative of the square of the
virtual photon momentum, g = p — p’ and F; and F; are
the Dirac and Pauli form factors, respectively.



Mass of the heavy spin 3 /2 baryons in two-p
Analysis of the axial N — A transition form f

Nucleon electromagnetic form factors
Applications: Magnetic dipole moments of the heavy spin 1/

@ Another set of nucleon form factors is the so called Sz
form factors, which are defined in terms of the F;(Q?)
F»(Q?) as follows:

Gm(Qz) — F1(Q2) -+ F2(Q2)._
QZ
GE(QQ) — F1(Q2) - WFQ(QZ),

At the static limit, values at Q% = 0 are GE(0) = 1,
GZ(0) =0, Gf,f(O) = pup = 2.792847337(29) and
G(0) = pun = —1.91304272(45), where pp and jup, ar
anomalous magnetic moments of the proton and neut
In units of the Bohr magneton.



Mass of the heavy spin 3 /2 baryons in two-p
Analysis of the axial N — A transition form f

Nucleon electromagnetic form factors

Applications: Magnetic dipole moments of the heavy spin 1/

2
JN(x) =2:3¢ N “(u'3(x)CATd®(x))A5u°(x).
(=1
where Al = |, A2 = Al = ~5, A2 = 3, and C is the cha
conjugation operator, and a, b, ¢ are the color indices.
electromagnetic current is:

J(X) = e Uyu + eqdnd,

and the choice 5 = —1 corresponds to the loffe currer



Mass of the heavy spin 3 /2 baryons in two-p
Analysis of the axial N — A transition form f:

Nucleon electromagnetic form factors
Applications: Magnetic dipole moments of the heavy spin 1/

@ Analysis of the experimental results lead that the mag
form factors of the nucleon are very well described by
dipole formula

L
G;};P(QZ) _ Hn,p > = H-n,pGD-
1 &
T 071 Gev Y2




(p,q) =i [ d'ae™ (0| T{IN(0) 5 (2)} | N(p)),

Physical or phenomenological side

01 JY(0) | N(¢/,5) (N, ) | J{'(0) | N(p))

H.k(?ﬂ@) — Z <




QCD or theoretical side

i e
M), = E/datmemz{
=1

eu(CAD) o |ASS (=) | et (0fus (0)uly(x)ds (0)| N (p))

pd

+ (A [(CADSu(—2)] g (Ol (0)uy () (O)| N ()

Y@

oy

+ ea(AS) o | CALS (—2)] 46““cOlu-z(O)-u-Z(OJdi(fﬂJ|N(PJ>}
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Mass of the heavy spin 3 /2 baryons in two-p
Analysis of the axial N — A transition form

Nucleon electromagnetic form factors
Applications: Magnetic dipole moments of the heavy spin 1/

4(0[¢**°u a(aﬂ)uﬁ(azx)dc(asx)lm
S 1My C&g("’}gN ),} —+ 82 m N Caj(k 5 N )»}
P1my(75C)asN-, + Pomi(75C)as(kN),

X°m?
(V1 + 1 CYI(PC)as(v5N),
Vami (KC)as(75N)-




Mass of the heavy spin 3 /2 baryons in two-p
Analysis of the axial N — A transition form f

Nucleon electromagnetic form factors
Applications: Magnetic dipole moments of the heavy spin 1/

@ where, the calligraphic functions are defined in terms «
nucleon distribution amplitudes:

S1 = Sy,
S1— So.

2pXSo

---------------------------------------
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Mass of the heavy spin 3 /2 baryons in two-pt
Analysis of the axial N — A transition form f:
Nucleon electromagnetic form factors

Applications: Magnetic dipole moments of the heavy spin 1/.

120x1x2X3[03 (1) + &5 (10)(1 — 3x3)].
24x1x2[03 (1) + &3 (11)(1 — 5x3)].

1253 {07(1)(1 — X3) + Uy ()[xF + x5 —
+ib) (1)(1 — x3 — 10x1x2) },

3{ve(1)(1 — x3) + ¥z (1)[2x1 X2 — x3(1 -
+od (1)1 = x3 = 2(x7 + x3)]},
6x3[05(11) + 08 (1)(1 — 2x3)].

2[08(11) + g (1)(1 — 3x3)],

120x1x2X305 (11)(X2 — X1),

24x1 X0, (11)(Xo — X1).



Applications:

Mass of the heavy spin 3 /2 baryons in two-p
Analysis of the axial N — A transition form f;
Nucleon electromagnetic form factors

Magnetic dipole moments of the heavy spin 1/

@ They contain the following functions parameterized in
terms of 8 independent parameters fy, A1, Ao, V9, 7,

f2 and f] as

)

va = fy

| 1

8 = 5(/\1 + )
1

0_
1

V5 = = (fy = M)

21

v



Mass of the heavy spin 3 /2 baryons in two-p
Analysis of the axial N — A transition form

Nucleon electromagnetic form factors
Applications: Magnetic dipole moments of the heavy spin 1/

@ The numerical values are obtained using:

fv = (5.0+0.5)%x107° GeV?
N = —(27+0.9)x 1072 GeV?,
Ao = (54+1.9)x1072 GeV?

For other five independent parameters, we have used
three sets as:

Set1 :AY = 0.38+0.15 VY =0.23+0.03,
f§ = 022+0.05 f!=0.07+0.05,
ff = 0.40+0.05,



Mass of the heavy spin 3 /2 baryons in two-p
Analysis of the axial N — A transition form

Nucleon electromagnetic form factors
Applications: Magnetic dipole moments of the heavy spin 1/

Set2 : AY = 114, vfz, f9 =0.40+0.05

f§ = 022+0.05, f{=0.07+0.05

=

Set 3 (asymptotic) : AY = 0, VI = 15

1
10
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Mass of the heavy spin 3 /2 baryons in two-p

Analysis of the axial N — A transition form f

Nucleon electromagnetic form factors
Applications: Magnetic dipole moments of the heavy spin 1/

T. M. Aliev, K. Azizi, A. Ozpineci, M. Savci

Phys. Rev. D 77 (2008)114014. 3 , . I | I '
— [F=-1, asymptotic
[=-5. asymptotic T
—- [}=5. asymptotic
L — P=-1, setl .

q Q(GeV)

Figure: The dependence of Gﬂ;’,u.pGD on Q? at
Sop = 2.25 GeVZ.,Mé —1.2 GeV?for 3 =—-1, —5and 5. Tt
boxes correspond to experimental data
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3=-1, asymptotic
- 3=-5., asymptotic
3=5, asymptotic
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k T. M. Aliev, K. Azizi, A. Ozpineci, M. Savci, Phys.Rev.D77:114014,2008
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QCD sum rules

relativistic three-quark model

constituent quark model

HQET
G| Gr | T (present work) [T [12] | T'[13] [T [14] |
50—y || 1.0£04 |0.005 o Eﬂ_ ﬂﬁﬂﬁ i ggib 0.15 - 32?:
5 =% 21£07 [ 0016 b ) e : : o
S 2 LLESE N L AR 0I0L0.06 022 [0TE0000] -
T oy | 12£02 |0.0H4 DA 00 i [J'n{é‘ 22 (014 L0004 -
i { '5—'.* . = _ _ _
SV =S [ 05200 | 0.003 | gy ‘ '
' ' T 5 Yttty 2.0 ! - - -
S5 %7y | 28208 [ 0.030 L. —he 202120
= — 2 85+3.0 |0.085 i —— 1 "[;:t_[]l L?’ - - -
—— — =y — =y i A0 - - -
=, — 5y | 09£03 |00l = z?ri 52+ 25 - FiL3 -
e — 0 | 4015 | 0075 =0 =0, 0.66 = 0.32 [ 068to00d | -
=7 =0y | 045 £0.15 ] 0.007 e - _ _
o e - o7 — A 114 £ 45 251 - 344
Y — Ay | 7328 | 007 S S A 130 = 45 233 | 151+4 -
T = Ay || 38+£1.0 | 0.060 c f = =

Table 4: The results for the decay rates of the corresponding radiative

sitions 1in KeV.

T. M. Aliev, K. Azizi, A. Ozpineci, Phys. Rev. D 79, 056005 (2009)

We have no experimental data yet.

* Lran-
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v Weak intractions of hadrons/ their semileptonic decays (SM)

v'heavy spin 1/2 - heavy % (neutral current) : 2> % Z (y)> % 11T

[FCNC transitions: A, >A 171 ] This decay is in agenda of
° — different experiments

: . , , nowadays.
Figure: Penguin and box diagram responsible for the A, — Al+¢—
transition " . .
d d d d d S b
b = s upper line<&—>lower line: tree level

transitions inside a line: loop

GF Ve Vip V. { ff —
Herr = Cy | bf““f+( 51 bf*‘““ [
if o Sl — 1 7s) 10 37u(L — 75)bl7" s

— 2my C?—Q 5i0,,,q" (1 + ;Qb[ﬂ“l}
q

(Ap(p+q)|Heps|Alp))




4 N

Transition matrix elements
(A(p) | 87,(1 —~5)b | Ap(p+q)) = Tx(p )[%ﬁ(@g) +i0,,q" 2(Q7) + ¢ f3(Q7

— ’7@’}’591(@2) — i%ﬂBQyQQ(QZ) - Q‘“’}’593(Q2) /

(A(p) | 5io,uq” (1 +75)b | A(p+ q)) = aalp )['mfl (Q%) +i0,q" f5 (Q*) + ¢ f5 (Q7)

+ 591 (Q%) +iowsq” gs (QF) + ¢ 594 (Q2)]unb(p +q) ,

Correlation functions
T (p.q) = i / e (0 | TLIM(0), B(2)7,(1 = 35)s(2)} | AW)) |

1) = 1 [ dee™(0 | TLIN0),Ka)icya (1 +95)s(e) | A))

P(a) = e 2T @CH et () + AT (@)oo

V6
/ + (¢ (1) (2))ysas(x) + 3(gy" (2)Csb’ ()5 ()

cuurent + (b (2)C 3 (2)) 505 (2) + S0 (2)Cysa5(x) gy (= )} ,

\




e

dl GPa? my, ‘ 1
AU _ GPadumayy vz, /i logs) + La(s
ds 819275 0 S M\
Functions of
T.M. Aliev, K. Azizi, M. Savci, Phys. Re%ZOlO) 056006 form factors
Present work HQET

Br(A, — Aete™) [ (46£1.6) x 1075 (2.23=3.34) x 10~°

Br(Ay — ApTp™) [ (40£1.2) x 107° | (2.08 = 3.19) x 107°
jrp

Br(A, — Ar77) [ (08 £0.3) x 10° | (0.179 = 0.276) x 10~°

Our comment (2010): Order of Br shows that this transition can be detected at LHC

B(A) — Aptp~) = [1.73 + 0.42(stat) & 0.55(syst)] x 107° (CDF Collaboration®)

b 10 November 2011




/CDF Collaboration at Fermilab: First observation on baryonic FCNC
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Fit of our work

LHCb at CERN
5 has also started
to study this decay




: Theories beyond the SM A

The Standard Model (SM) of particle physics describes all known particles and their
interactions except than gravity. The SM is the only minimal model which is in perfect
consistency with all confirmed collider data despite it needs a missing ingredient, the
Higgs boson or something else to give masses to the elementary particles.

But

There are some problems such as origin of the matter in the universe, gauge and
fermion mass hierarchy, number of generations, matter-antimatter asymmetry, neutrino
oscillations, unification, quantum gravity and so on, which can not addressed by the
SM.

The SM can not be the ultimate theory of nature and it can be considered as a
low energy manifestation of some fundamental theories

Some new physics scenarious:

various extensions of the standard model through supersymmetry, such as the
Minimal Supersymmetric Standard Model (MSSM) and Next-to-Minimal
Supersymmetric Standard Model (NMSSM), SM4 or entirely novel explanations,

such as string theory, M-theory and extra dimensions. /




e

FCNC transitions mmsss) |oop level )

Consider: UED which is a kind of ED
veff
CefE

Crgf f

Co J

BR{A = AL +,LE_ x10%

> m) are modified  F(#e 1/R) = Fo(a:) + Z Eoxy,en), o, = M

Form factors remain the same

™

New physics such as extra dimensions,
Suppersymmetric particles, fourth
family quarks, light dark matter etc.
can contribute

2

2
n=1 My

m,, =

n
R

/

M
SM.HQET
UED
UED.HQET
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Constraint on the Compactification Factor via A\, —

Apt i~ Decay Channel

15 -
UED Il

Experiment

BR(A,—Aut 1 )x10°

200 400 600 800 1000
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Lower limit on the compactification scalel/R: 250 GeV

Q<. Azizi, S. Kartal, N. Katirci, A. T. Olgun, Z. Tavukoglu, JHEP 1205 (2012) 024. /
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v' Strong interactions of hadrons/ their hadronic decays

e calculated the strong coupling constant characterizing
these strong hadronic transitions. In each group, we hav

Light baryons: \ about 80 coupling constant. Using different symmetry

v'D-D -PS arguments, we could explain all 80 coupling constant in
v D-D-V terms on only one invariant universal function. This is the
v D-0-PS first in the literature. In the case of light baryons, our

method includes the SU(3)_f symmetry breaking
automatically. This help us predict the order of SU(3)_{

breaking. In our calculations, we used the generalized

Heavy Baryons:
y Bary interpolating currents and saw that the loffe Current

v 3/2-3/2-V remains out of the reliable regions in all cases. The
v 3/2-3/2-PS progress in heavy baryon spectroscopy reported by
v3/2-1/2-V BaBar, BELLE, CDF and DO Collaborations and alsa
v'3/2-1/2-PS progress at LHC, show a possibility to study such
v1/2-1/2-V channel_s in the near futur(_e . |

v'1/2-1/2-PS / Comparing our results with any experimental data can

give valuable information about the internal structures o
the considered baryons as well as the nature of stro

interactions inside them.
Phyq Rev D 83 (9011) 096007

Phys. Lett. B 696 (2011) 220 :

My Collaborators:
Valeri Zamiralov (Moscow state university)
\T. M. Aliev, A. Ozpineci, M. Savci (ODTU)




Strong coupling constants of light pseudoscalar

mesons with heavy baryons in QCD

T. M. Aliev, K. Azizi, M. Savci, Phys.Lett.B696:220-226,2011

06 =i [ dtee (Pl) [T {5 @) 0)}]0) (1)

where P(q) is the pseudoscalar-meson with momentum ¢, 7 is the interpolating current
for the heavy baryons and 7 is the time ordering operator. Here, 2 = 1, j = 1 describes
the sextet-sextet, i = 1, j = 2 corresponds to sextet—triplet, and 7z = 2, j = 2 describes
triplet—triplet transitions. For convenience we shall denote TTUY = TIM | T102) = [13) and
122 =TI, The sum rules for the coupling constants of pseudoscalar mesons with heavy
baryons can be obtained by calculating the correlation function (1) in two different ways,

namely, in terms of the hadrons and in terms of quark gluon degrees of freedom, and then
matching these two representations.

Hadronic side
(0[19(0)| Bo(p)) (Baw)P(a) | Bu(p + ) (Bulp + ) [19 (@] 0)

(p? —m3) [(p + q)* — mi]

<0 |-?7 : |B(p)> = \u(p) .,
(B(p+q)|n|0) = Na(p+aq) .
K (B(p)P(q)| B(p+q)) = gu(p)ivsu(p+ q) ,

) —
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OPE side

rauw = —Yxdad = %: Gnbb — 0




s0_0

in the SU5(2); limit, TIZ=%m = ().




The invariant function responsible for the ¥ — X779 transition can be obtained from

the Y — EP7° case by making the replacement d — u, and using & = —/2%,}, from
which we get.

AT (w, d, b) = —2 (au|ZFEF|0) . (9)
Appearance of the factor 4 on the left hand side is due to the fact that each Z];' contains

two u quark, hence there are 4 possible ways for radiating 7#° from the u quark. Making
use of Eq.(8), we get

= === — '\/EH%U(H, u, b). (10)

The invariant function describing ;" — Eb'?r” can easily be obtained from the EE

Spa? transition by making the replacement u — d and taking into account I)(u — d) =
V2%, . Performing calculation similar to the previous case, we get

1% =% = 211Y(d, d, b). (11)

- /
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Now, let us proceed to obtain the results for the invariant function involving =, © _,

=H —(0) 79 transition. The invariant function for this transition can be obtained from the

¥ — Eg O case using the fact that =, = X(d — s) and =, = X(u — s). As a result,
we obtain

='0_0 1

=0~ = ﬁng”(u.,s,b),

1
—ﬁnglj(d, s,b) . (12)

Using similar arguments one can find the symmetry relations
for other transitions.

1 (3]2 {z)?
g = —— e T m




e

E-mz?/‘-”t-f2—m%,f_-”l-12Hgl) ('U-_, d.. b) _

L—8)° .- | 1—52) | |
;2\/5,“_)2 Mmi fp [Iz — méfgl Oy (o) + (64\/57134'1{4”%'{@{ (-2.3(7'_, 1) — 2i3(T, 1;))[2
— om [T 1) = 26T 0) + (1 = ) )] £
(1—p)°

_ —128\/5 211«12??1%??1pr{'?’RE?A(L{.D)IQ — 2(2?2(17”, 1) — 2i5(Vy, 1))[1
m

-—Qm%FﬂAmly—2GﬂVmL%—&OﬁJU+¢ﬂﬂwv0]5}

's e m% /M R /M 2
[, = ds _,_
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v'1/2-1/2-PS

(B(p)P(q)| Bp+q)) = gu(p)ivsu(p + q)
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Figure 2: The dependence of the strong coupling constant for the =, — =7 transi
at several different fixed values of 3, and at sq = 40.0 GeV2.
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Figure 3: The dependence of the strong coupling constant for the =,

on cos @ at several different fixed values of sg, and at M? = 22.5 GeV?2.
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. channel Bottom Baryons ; channel Charmed Baryons
General current  Ioffe current ||~ General current  Ioffe current
= —Ep" 7.542.6 6.142.2 | g% == 31411 2.040.7
g AT 15.044.9 11.543.9 | gZe—ndn 6.542.4 5.641.8
g =R 11.543.9 89+3.1 | g5 =K 5.041.7 3.74+1.3
g% 75 KO 17.0+4.5 13.5+4.8 || g—EK" 6.5+2.3 3.0+1.1
g S KT 12.0+4.3 0.8+3.5 | g5 “EAT 4.54+1.6 2.140.8
g5 —Eym 16.0+5.6 12.044.3 [ o= == m 6.742.4 43415
{ - - -
8.88, (relativistic three—quark model)
E;_‘__}'i"!.c:?r . e B
g =4 6.82, (light—front quark model),

\

Our results can be checked by future experiments

6.5 + 2.4, (our result) (LCSR)
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