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Abstract

The masses, decay constants, spectrum and binding energy of
mesons containing at least one heavy quark.
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Introduction

@ Heavier than the top quark of Standard model i.e.,
isosinglet D quark of Eg, T quark of little Higgs, Golino of
Supersymmetry and Fourth generation quarks b’ and t'.....
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

@ Among the mysteries of nature is the number of
generations. We observe three generations, however...
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@ Among the mysteries of nature is the number of
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@ Data from the LHC-CMS (under some circumstances)
restricts the masses of the t’ and b’ quarks in a fourth
generation to be greater than about 500 GeV.
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

@ Among the mysteries of nature is the number of
generations. We observe three generations, however...

@ Data from the LHC-CMS (under some circumstances)
restricts the masses of the t’ and b’ quarks in a fourth
generation to be greater than about 500 GeV.

@ The constraints on this scenario arise either directly, via
the search for production of fourth generation quarks and
leptons at colliders (Aad 2012), or indirectly, through their
effect on the oblique electroweak parameters(Peskin
1991 ,Kribs 2007 ,Hashimoto 2010) and on the Higgs
boson production and decay partial widths(Chen 2012).
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

@ Among the mysteries of nature is the number of
generations. We observe three generations, however...

@ Data from the LHC-CMS (under some circumstances)
restricts the masses of the t’ and b’ quarks in a fourth
generation to be greater than about 500 GeV.

@ The constraints on this scenario arise either directly, via
the search for production of fourth generation quarks and
leptons at colliders (Aad 2012), or indirectly, through their
effect on the oblique electroweak parameters(Peskin
1991 ,Kribs 2007 ,Hashimoto 2010) and on the Higgs
boson production and decay partial widths(Chen 2012).

@ Indeed it has long been realized that the presence of a
fourth generation drastically changes the Higgs branching E:z
fractions.
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

4th generation scenario leads to new approaches in solving the
theoretical problems of SM3

@ Mechanism of dynamical symmetry breaking of
electroweak symmetries via condensates of the 4th quarks
and leptons
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

4th generation scenario leads to new approaches in solving the
theoretical problems of SM3

@ Mechanism of dynamical symmetry breaking of
electroweak symmetries via condensates of the 4th quarks
and leptons

@ Help us to understand the baryogenesis i.e., CP
asymmetry and .......
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

4th quarks can enhance the Higgs production by O(10) (Georgi
1977) and Higgs decay suppress by O(100) (Denner 2011). via
this diagrams:

Figure: (left): Gluon fusion, (right): Diagrams corresponding to
H — ~vy.
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

As a consequence, precise measurements of the Higgs
production rate and branching ratios can strongly constrain the
existence of a fourth generation.
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

@ Recently, the ATLAS, CMS, CDF and DO experiments have
reported new result (ATLAS 2012,Chatrchyan 2012,D0
2012) which hint on the existence of a light Higgs boson
with a mass of order 125 GeV. Several Higgs decay
channels have been probed, including the v+, ZZ* and
WW* channels dominated by the gluon fusion production
mode, bb in the associated production mode, and the
diphoton channel dominated by the vector boson fusion
(VBF) production mode.
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b’ and t’ of 4th generation

Status of Fourth Generation and what If?

@ Recently, the ATLAS, CMS, CDF and DO experiments have
reported new result (ATLAS 2012,Chatrchyan 2012,D0
2012) which hint on the existence of a light Higgs boson
with a mass of order 125 GeV. Several Higgs decay
channels have been probed, including the v+, ZZ* and
WW* channels dominated by the gluon fusion production
mode, bb in the associated production mode, and the
diphoton channel dominated by the vector boson fusion
(VBF) production mode.

@ The results of the searches above indicate no significant
enhancement or suppression in Higgs production and
decay. These results under the assumption that a Higgs KA
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signal has been observed, the SM4 scenario is excluded. s
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Bound State

@ bound state condition:Q — gW mq < 100|Voe|~%/3 (see
Bigi 1986 PLB)
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Bound State

@ bound state condition:Q — gW mq < 100|Voe|~%/3 (see
Bigi 1986 PLB)

@ |Voq| < 0.1 Ifitis!!?
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Bound State

@ bound state condition:Q — gW mq < 100|Voe|~%/3 (see
Bigi 1986 PLB)

@ |Voq| < 0.1 Ifitis!!?

@ If the heavy quarks have a very small mixing with the
ordinary quarks, they can be long enough lived and the
production of bound states become possible. In this case
the production of these bound states at the LHC may have
important experimental consequences.
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Bound State

@ Bound states come with different color, spin and flavor
guantum numbers.
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Bound State

@ Bound states come with different color, spin and flavor
guantum numbers.

@ These bound states can be: scalar, pseudoscalar, vector
and axial vector type ground states or higher states
mesons. The masses and bound states spectrum can be
calculated in different methods, for instance, using the
Schroedinger equation (Ishiwata et al PRD 2011) or QCD
sum rule Methods (Bashiry et al PRD 2012).
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Bound State

@ Heavy quarks feel a strong attractive force from Higgs
exchange in both the g’q’ and q’q’ channels that gives rise
to bound states Hung et al PRD.
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Bound State

@ Heavy quarks feel a strong attractive force from Higgs
exchange in both the g’q’ and q’q’ channels that gives rise
to bound states Hung et al PRD.

@ Heavy quarks feel force from gluon exchange(QCD).
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Bound State

@ Heavy quarks feel a strong attractive force from Higgs
exchange in both the g’q’ and q’q’ channels that gives rise
to bound states Hung et al PRD.

@ Heavy quarks feel force from gluon exchange(QCD).
2 —mpr
o H=F - (ﬁGFmg,) e ™ _4ag (1) 4.,

4rr T
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Bound State

—mpr

“4ar

Figure: t-channel Higgs exchange. Vyjggs = — (\/_GF m2 )

V. Bashiry Heavy Qu bound states



Bound State

Using the variational method, minimizing E[a] = (|H )/ (¢]y)
for trial wave functions ¢ o« e~"/2,

(i) Binding Energy (color singlet)

100:m“HH‘HH‘HH,HH:
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Figure: Variational binding energy of color singlet channels as the g

function of the heavy quark mass. Here we set a = ay,
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QCD sum rules approach for the masses and decay constants of th

@ QCD Sume Rules Can be applied just for the ground
states.
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QCD sum rules approach for the masses and decay constants of th

@ QCD Sume Rules Can be applied just for the ground
states.

@ In oneside we have QCD language where everything can
be calculated in terms quarks, gluon parameters. In the
other side we have hadronic parameters. The result of the
QCD calculation is then matched, via dispersion relation,
to a sum over hadronic states.
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QCD sum rules approach for the masses and decay constants of th

The two point correlation function corresponding to the scalar
(S) and pseudoscalar (PS) cases can be written as:

I—IS(PS) —i /d4xeip.x <0 | T (JS(PS) (X)jS(PS)(0)> | O>, (1)
where 7 is the time ordering product and JS(x) = T4(x)q(x)

and JPS(x) = TU4(x)y5q(x) are the interpolating currents of the
heavy scalar and pseudoscalar bound states, respectively.
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QCD sum rules approach for the masses and decay constants of th

Similarly for the vector (V) and axial vector (AV), the correlation
function can be written as:

MR =i [ dhePx 0| T (3YA )3 A ) [0, @

where, the currents J)j = U4 (X)v,0(x) and

Jl’jV = U4(Xx)v,759(x) are responsible for creating the vector
and axial vector quarkonia, respectively from the vacuum with
the same quantum numbers as the interpolating currents.
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QCD sum rules approach for the masses and decay constants of th

@ The aforesaid correlation functions must be treated in two
alternative ways.

uuuuuu

V. Bashiry Heavy Quarks bound states



QCD sum rules approach for the masses and decay constants of th

@ The aforesaid correlation functions must be treated in two
alternative ways.

@ In physical or phenomenological side, we calculate them in
terms of hadronic parameters such as masses and decay
constants.

uuuuuu

V. Bashiry Heavy Quarks bound states



QCD sum rules approach for the masses and decay constants of th

@ The aforesaid correlation functions must be treated in two
alternative ways.

@ In physical or phenomenological side, we calculate them in
terms of hadronic parameters such as masses and decay
constants.

@ In QCD or theoretical side, they are calculated in terms of
QCD degrees of freedom such as quark masses and gluon
condensates by the help of operator product expansion
(OPE) in deep Euclidean region.
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QCD sum rules approach for the masses and decay constants of th

@ Equating these two representations of the correlation
function through dispersion relations, we acquire the QCD
sum rules for the masses and decay constants.

uuuuuu

V. Bashiry Heavy Quarks bound states



QCD sum rules approach for the masses and decay constants of th

®)

Figure: (a): Bare loop diagram (b): Diagrams corresponding to gluon
condensates. i
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QCD sum rules approach for the masses and decay constants of th

@ These sum rules relate the hadronic parameters to the
fundamental QCD parameters.
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QCD sum rules approach for the masses and decay constants of th

@ These sum rules relate the hadronic parameters to the
fundamental QCD parameters.

@ To suppress the contribution of the higher states and
continuum, the Borel transformation with respect to the
momentum squared is applied to both sides of the
correlation functions.
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Phenomenological part

@ Perform the integral over x and isolating the ground state,
we obtain

ses) _ (0135F9)(0) [ S(PS))(S(PS) | °9)(0) | 0)
- m2 . —p2
S(PS)

~{3)

where - - - represents the contributions of the higher states
and continuum and mgps) is mass of the heavy
scalar(pseudoscalar) meson. From the similar manner, for
the vector (axial vector) case, we obtain
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Phenomenological part

vy _ 01320 | vav))vav) [ 37*0) | o)
pv -

T
m\2/(AV) - p?

To proceed, we need to know the matrix elements of the
interpolating currents between the vacuum and mesonic states.
These matrix elements are parametrized in terms ofthe B
leptonic decay constants as:
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Phenomenological part

(013(0)[S) = fsms,

M3
0|J(O)|PS) = f
(013(0) | PS) PS g - Mo
(013,(0) [V(AV)) = fy@av)Myav)eu (5)
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Phenomenological part

Using the summation over the polarization vectors in the V (AV)

€ne, = —Ou + pzup,,’
V (AV)

The physical sides of the correlation functions as:

2m2
ns o _fsMs
m3 — p?
2 (M 2
nPs — fPs(muztismq)
T Tme.—pz
PS
2 2
vy _ Ve
7%
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(6)
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perturbative part
Non-perturbative part

QCD side

For each correlation function we write
I_IQCD = I_Ipert + I_Inonpert- (8)

The bare loop diagram in figure (5) part (a)). The long distance
contributions (diagrams shown in figure (5) part (b) ) are
parameterized in terms of gluon condensates.

dsp(s
necr = / L(z) + Mnonpert 9)

where, p(s) is called the spectral density. 0
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perturbative part
Non-perturbative part

QCD side

Outline

@ ocDsside

@ perturbative part

cvraus
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perturbative part

Non-perturbative part

QCD side

The Feynman amplitude of the bare loop diagram is calculated

by the help of the Cutkosky rules, where the quark propagators

are replaced by Dirac delta function, i.e.,
e = (—2mi)3(p? — m?).

p(S) = E(l _ M)\/l _ Zm% + mg + (m% — m%)z
82 S s s?

(10)
where + sign in (m; + my) is chosen for scalar and axial vector
cases and — sign is for psoduscalar and vector channels. Here,
my = my, and my is either my, or m¢p).
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perturbative part
Non-perturbative part

QCD side

Outline

@ ocDsside

@ Non-perturbative part K&

uuuuuu

V. Bashiry Heavy Quarks bound states



perturbative part
Non-perturbative part

QCD side

we calculate the gluon condensate diagrams represented in
part (b) of figure (5). The vacuum gluon field is expressed as:

ALK = 506, O) oK), 1)

where k’ is the gluon momentum and the quark-gluon-quark
vertex as:

a A2
. =97, <?>ij ) (12)
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perturbative part
Non-perturbative part

QCD side

After straightforward but lengthy calculations, the
non-perturbative part for each case in momentum space is
obtained as:
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perturbative part
Non-perturbative part

QCD side

L /1<aSGZ> ©' + 6'(my ¢ my)
P 0 967(M3 + m2x — m2x — p2x + p2x2)4

dx (13)

where ©'(m; +> m,) means that in @', we exchange m; and
m,. The explicit expressions for ©' are given as:
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perturbative part
Non-perturbative part

QCD side

s Lof, a2
(€] = E>< 3myx(m5(x(17 — 2x(2x(9x — 26) 4 47)) + 8)

+p%X(X(27% — 25) — 7)(x — 1)?) + 2mum3 (M2 (x(x(x(21x — 58) + 39)
+12) — 15) — p2(x — 1)x(x(x(7x — 13) — 3) + 12))

+mZ(—m3p?(x — L)x(x(x(2x(81x — 242) + 455) — 96) — 33)

+m3 (x(x(x(3x (36X — 145) 4 652) — 414) + 72) + 15) + 3p*(x — 1)°
x2(24x2 — 22x — 5)) — mpymy (x — 1)(—m3p?(x? — 2)(x(14x — 27) + 15)
+m3(3x — B)(X(7X — 12) + 6) + p*(x — L)x(x(2x(7x — 13) + 3) + 12))
+(x — 1)(—m3p*(x — 1)x(2x(x(2x(18x — 55) + 109) — 30) — 9)
+m3p?(x(x(x(x(81x — 328) + 490) — 299) + 42) + 15)

—m3(2x — 3)(x(6x(3x — 8) 4 47) — 15) + 3p°(x — 1)*x?(6(x — 1)x — 1))

+9m§’(x — 1)2x2(4x +1) + 3m2m§x(x((8 — X)X +2) — 4)},

R ¢,
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perturbative part

Non-perturbative part

QCD side

The next step is to match the phenomenological and QCD
sides of the correlation functions to get sum rules for the
masses and decay constants of the bound states. To suppress
the contribution of the higher states and continuum, Borel
transformation over p? as well as continuum subtraction are
performed. As a result of this procedure, we obtain the
following sum rules:

uuuuuu
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perturbative part
Non-perturbative part

QCD side

2
~Ms(v)(av) s _ s
2 > B 0 S(V)(AV) 7 o apS(V)AY)
M5 )av)isvyavie M - /(m1+m2)2 dsp (s)e M* +BMignoert -
4 2 —m
mgef PS S| —S.
—PSPS Ty /0 dsp"S(s)e M2 4 BNTS @5)
(my, +mq) (mq-+my)2
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perturbative part

Non-perturbative part

QCD side

where M? is the Borel mass parameter and sg is the continuum
threshold. The sum rules for the masses are obtained applying
derivative with respect to —# to the both sides of the above
sum rules and dividing by themselves. i.e.,

uuuuuu
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perturbative part

Non-perturbative part

QCD side

s —= L S(PS)(V)(AV
_u<d%) T O L + B gen " )]
2
Ms(Ps)(V)(Av) = = -5 L S(PS)(V)(AV ' o)
S22 88 PSEIVIAs) e W2 1 BRI VIAY)
1+m2
where
2 22
m2+x(m]—m2)
B :/ e M2x(x—1) Al7+ Al(my ¢ m2) <ast>dX 17
nonpert o w96MS(x — 1)4x3 ’
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and

perturbative part

Non-perturbative part

QCD side

= —mzm:lg(x — 1))<2(m§(14>(2 — 29x + 14)
+2M2x(7x% — 13x + 6)) + m{ (x — 1)x3(m3(9x? — 14x + 6)
-¢—3M2>((3)<2 — 4x + 1)) + mpmq (x — 1)(m§M2x
(14x* — 53x% + 71x% — 36x + 6) + m3 (7x* — 28x® + 40x? — 25x + 6)
+2M*x?(14x? — 40x® + 29x% + 9x — 12)) + mZx(mZM3x
(—18x° 4+ 70x* — 105x3 + 77x2 — 27x + 3) + m3(—9x° + 37x*
—61x° + 52x% — 21x + 3) — 12M*x%(3x + 1)(x — 1)*) — (x — 1)
(—2maM*x3(18x* — 76x° + 123x* — 89x + 24)
+maM?x(—9x° + 40x* — 71x3 + 68x2 — 33x + 6) + my(—3x> + 14x*
—27x% + 29x% — 15x + 3) + 6M® (x — 1)*x3(6x% — 6x — 1))
—3m§’(x — 1)x5 + mzmi)<3(7)<2 — 8x + 1),

(18)
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Numerical analysis

we take the mass of the u, in the interval

my, = (450 — 550) GeV, m, = 4.8 GeV, m; = 1.3 GeV and
(0] LasG2|0) =0.012 GeV“. The sum rules for the masses
and decay constants also contain two auxiliary parameters,
namely Borel mass parameter M? and continuum threshold s;.
The standard criteria in QCD sum rules is that the physical
quantities should be independent of the auxiliary parameters.
Therefor, we should look for working regions of these
parameters such that our results be approximately insensitive
to the variation of auxiliary parameters.

uuuuuu
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Numerical analysis

The working region for the Borel mass parameter is determined
demanding that not only the higher state and continuum
contributions are suppressed but also the contributions of the
highest order operators should be small, i.e., the sum rules for
the masses and decay constants should converge. As a result
of the above procedure, the working region for the Borel
parameter is found to be 500 GeV? < M? < 900 GeV? for Usb
and Usc, and 1200 GeV? < M? < 2000 GeV? for Ti4u, heavy
SM4 mesons.

uuuuuu
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Numerical analysis

The continuum threshold sq is not completely arbitrary but it is
related to the energy of the first exited states with the same
guantum numbers as the interpolating currents. Our numerical
calculations show that in the interval

(my 4+ m;, + 0.3)%2 GeV?2 < 59 < (Mg + my + 0.5)? GeV? for the
continuum threshold, our results have very weak dependency
on this parameters.

uuuuuu
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Numerical analysis

The following values for the mass and the decay constant of
hy(1P), which is recently observed by Belle, are
obtained(Bashiry PRD 2012):

m[hy(1P)] = (9940 + 37) MeV. (19)
flhy(1P)] = (94 + 10) MeV (20)

Note that,The experimental value of the mass
m[hy(1P)] = (9898.25 + 1.0671-33) Mev (Belle 2011).

uuuuuu
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Numerical analysis

mass (GeV) u,s usb Ugliy
Scalar 552.82 4+ 0.31 556.27 + 0.31 1101.67 4+ 0.60

Pseudoscalar 552.43 + 0.18 555.78 + 0.18 1101.11 4+ 0.36

Axial Vector 552.81 4+ 0.31 556.25 4+ 0.31 1101.68 £ 0.60
Vector 552.42 + 0.18 555.77 + 0.18 1101.12 £ 0.36

Table: The values of masses of different bound states obtained using
my, = 550 GeV.
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Numerical analysis

Leptonic decay constant f (GeV) uyC usb ugliy
Scalar 0.10 £ 0.01 0.12 £0.01 0.26 + 0.03
Pseudoscalar 0.14 + 0.01 0.27 £0.01 4.19 +0.20
Axial Vector 0.10 4+ 0.01 0.12 +0.01 0.26 4+ 0.03
Vector 0.14 +0.01 0.27 +0.01 4.18 +£0.20

Table: The values of decay constants of different bound states
obtained using my, = 550 GeV.
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Numerical analysis
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Figure: Dependence of mass of the scalar uyuy on the Borel parameter, M?2 at three fixed values of the
continuum threshold. The upper, middle and lower lines belong to the values sy = (m; + m, + 0.5)? GeV?,
so = (Mg 4+ My +0.4)? Gev? and sy = (Mg + my + 0.3)? GeV 2, respectively.
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Numerical analysis
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Figure: Dependence of the decay constant of the scalar u4u4 on the Borel parameter, M? at three fixed values g
of the continuum threshold. The upper, middle and lower lines belong to the values s = (my + my + 3.7)2 GeVZ, cVrRus
sg = (Mg + my + 3.5)2 GeV2 and sq = (m; + m, + 3.3)? GeV?2, respectively.
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Numerical analysis

To sum up, the heavy quarks that have sufficiently small mixing
with the three known family SM quarks can form hadrons.
Considering the arguments mentioned in the text, the
production of such bound states will be possible at LHC.
Hopping this possibility, we calculated the masses and decay
constants of the bound state objects containing two quarks
either both heavy quarks or one from heavy and the other from
observed SM bottom or charm quarks in the framework of the
QCD sum rules. The obtained numerical results approach to
the known masses and decay constants of the bb and €c heavy
guarkonia, when the heavy quarks are replaced by the bottom
or charm quark. Ea
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