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Standard Hadrons
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Meson Baryon



27-30	June 2022		QCD@Work-International Workshop	on	QCD-Theory and Experiment

Classification of	basic particles:	12	basic fermions,	4	basic bosons and Higgs boson
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RRRRRR
R.L.Jaffe &	K.Johnson,	 	Phys.	Let.	60	B,201(1976)
R.L.Jaffe,Phys.	Rev.	D15,281(1977)

In addition to standard particles, there might exist hadrons with
different quark-gluon structures, which cannot be included into
the ordinary 𝑞𝑞" and 𝑞𝑞𝑞 !

Experiment
X(3872)	 :	2003	Belle
𝑃$(4380)	ve 𝑃$(4450)	:	2015	LHCb
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Exotic Hadrons
Tetraquark Pentaquark Hegzaquark,H-dibaryon

Hybrid Glueball
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• Tetraquarks observed	by	various	Collaborations:

X(3872)	:	2003	Belle
𝐷&'(2632)	:	2004	Fermilab SELEX
Z(4430):	2007	Belle
Y(4140)	:	2009	Fermilab,	2012	CMS,	2013	D0,	

Belle	X
𝑍$(3900)	:	2013	BESIII,	Belle
Z(4430)	:	2014	LHCb
X(5568)	:	Şubat 2016	D0,	LHCb X ve CMS	X
X(4274),	X(4500)	ve X(4700)	:	Haziran 2016	LHCb
𝑋*(2900),	𝑋+(2900) :	2020	LHCb
X(6900)	:	2020	LHCb
𝑍$&(3985)	:	2020	BESIII
X(4630)	:	2021	LHCb
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Exotic Hadrons
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Ø It	will	help	to	understand	new	physics	(extra	dimensions,	 supersymmetry…)	
models.

Ø It will provide information about the perturbative and non-perturbative
nature of	QCD.

Ø It	will	help	analyze	the	experiments	that	have	been	done.

Ø It	will	shed	light	on	the	experiments	to	be	done.
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Quantum	Chromodynamics (QCD)
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Lattice	QCD

Bag	Model

Effective	Lagrangian Model

Potential Model

PhenomenologicalQuark
Model

QCD	Sum Rules

NON-PERTURBATIVE	
THEORIES:
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QCD Sum Rules

Correlation
Function

Phenomenological
according to hadronic

parameters

QCD(Theoretical)
according to

quark,gluon and their
interactions

≅
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Correlation Function

Aim: To create a correlation functionexpressed in termsof interpolating current.
! The correlation function injects quarks at theoriginand analyze theevolution of quarks tothe space-timepoint x.

qTwo-point correlation function:

mass ,  decay constant

qThree- point correlation function:

transitionamplitude,	decayrate,	form	factor,	strong coupling,	magneticmoment,
decaywidth.

(three-point sum rules or light cone QCD	sum rules)

2 2 4( ) 0 [ ( ) (0)] 0iq xq i d xe J x J⋅Π = ∫ T
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Strong	decays

Semileptonic decay

10692	MeV

10695	MeV
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay
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b
𝑢"
𝑠̅

Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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Why are semileptonic decays important?

Ø The experiment results obtained for weak decay channels do not match
with the standard model prediction.

Ø There are predictions that this inconsistency may have an impact on new
physics (extra dimensions, supersymmetry…).

Ø Studies on semileptonic channels of exotic particles will be compared with
experimental results and this uncertainty in the literature will be tried to be
explained.

Ø It will help to understand new physics models.
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay
• Spectroscopic	parameters of	the axial-vector 𝑇>:&̅?@ and scalar
𝑍>:&̅* tetraquarks:

Two-point correlation function

The phenomenological side:
0 𝐽C 𝑍(𝑝) 𝑍(𝑝) 𝐽CG 0

𝑚C
I − 𝑓CI

LM
N OM

N

LM
NPQN

+…
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0 𝐽C 𝑍(𝑝) =𝑓C𝑚C

Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay

The QCD	side:
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QCD Sum Rules 

Hadronic SideQCD	Side
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay
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Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay
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Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay
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Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay

• The effective Hamiltonian to describe the
subprocess 𝑏 → 𝑐𝑙𝑣̅ at the tree-level is given by the
expression.

GF is	the Fermi coupling contant

Vbc is	the corresponding element	of	the Cabibbo-Kobayashi-Maskawa
(CKM)	matrix.
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Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay

• Sandwiching the 𝐻WOO between the initial and final
tetraquarks we get the matrix element for the weak
transition current

𝑃X=𝑝́X+𝑝X

𝑞X=𝑝X-𝑝́X

𝑚Z
I ≤ 𝑞I ≤ (𝑚?@ −𝑚C)I
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Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay

• The	sum rules for the form	factors𝐺](𝑞I)	can	be	
obtained by analyzing the three-point correlation
function
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Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay

• The phenomenological side:

24
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay

The QCD	side:
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay
• There are numerous analytical expressions for the fit	functions.	
In the present paper we use

27
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝒍𝒗𝒍8 	Semileptonic Decay

•As a result, for the full decay width of the processes
𝑇>:&̅?@ → 𝑍>:&̅* 𝑙𝑣Z8 , 𝑙=𝑒, 𝜇 and 𝜏 we find

28
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝝆P(𝑲∗ 𝟖𝟗𝟐 ,𝑫∗(𝟐𝟎𝟏𝟎)P, 𝑫𝒔∗P )
Nonleptonic Decays
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• We study the nonleptonic weak decays 𝑇>:&̅?@ →
𝑍>:&̅* 𝜌P(𝐾∗ 892 ,𝐷∗(2010)P, 𝐷&∗P) of the tetraquark 𝑇>:&̅?@ in the
framework of the QCD factorization method.

• At the quark level, the effective Hamiltonian for this decay is given by
the expression

30

where

𝑖 and	𝑗 are	the	color	indices,	and	(𝑞+𝑞I)@P? means

The	short-distance	Wilson	coefficients	𝑐+(𝜇) and	𝑐I(𝜇) are	given	on	the	factorization	scale	𝜇.

Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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In	the	factorization	method,	the	amplitude	of	the	decay	𝑇>:&̅?@ → 𝑍>:&̅* 𝜌P has	the	
form

where

with	𝑁$=3	being	the	number	of	quark	colors.	The	only	unknown	matrix	element	
<𝜌P(𝑞)I(𝑑]8 𝑢])@P?I0>	in	𝐴 can	be	defined	in	the	following	form

Then,	it	is	evident	that
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝝆P(𝑲∗ 𝟖𝟗𝟐 ,𝑫∗(𝟐𝟎𝟏𝟎)P, 𝑫𝒔∗P )
Nonleptonic Decays

32

• The	width	of	the	nonleptonic decay	𝑇>:&̅?@ → 𝑍>:&̅* 𝜌P can	be	evaluated	
using	the	expression	

where	𝐻� are	given	by	the	expressions

Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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𝑻𝒃:𝒔"𝑨𝑽 → 𝒁𝒃:𝒔"𝟎 𝝆P(𝑲∗ 𝟖𝟗𝟐 ,𝑫∗(𝟐𝟎𝟏𝟎)P, 𝑫𝒔∗P )
Nonleptonic Decays
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The	full	width	ΓO�ZZ and	the	mean	lifetime	𝜏

,

Chinese Phys.	C,	2021,	45,	013105,	arXiv:2002.04553
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Concluding Remarks
• Numerical	values	of	the	spectroscopic	parameters	obtained	for	the	scalar	and	
axial-vector	tetraquarks composed	of	the	heavy	bb	or	bc diquarks and	light	
antidiquarks

35
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Concluding Remarks
• Numerical	values	of	decay	width	of	the	semileptonic and	nonleptonic decays	for	the	scalar	and	axial-
vector	tetraquarks

36

Scalar	→	Scalar

AV → Scalar

AV	→	AV
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Concluding Remarks

• These	studies	are	very	important	in	terms	of	contributing	to	the	theoretical	literature	as	
well	as	shedding	light	on	future	experiments.

• In	addition,	the	experimental	results	obtained	recently	for	the	weak	decay	channels	of	
hadrons	and	the	standard	model	predictions	do	not	overlap,	and	there	are	predictions	that	
this	inconsistency	may	have	a	new	physics	effect.

• Therefore,	our	results	for	the	weak	decays	of	exotic	hadrons	will	also	guide	the	search	for	
new	physics.

• In	addition,	studies	include	information	about	the	perturbative and	non-perturbative
aspects	of	QCD,	which	is	one	of	the	four-basic	interactions	of	the	universe.

• Therefore,	when	the	obtained	results	are	combined	with	the	experimental	predictions,	it	
will	also	help	to	increase	our	knowledge	about	the	universe.
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“The most incomprehensible thing about the Universe is	that it	is	
comprehensible.”

ALBERT EINSTEIN
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Thank you
bbarsbay@dogus.edu.tr
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