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Hadrons discovered at LHC:
62 new hadrons were discovered at LHC, including many exotic
states
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e 2003: Discovery of X(3872) by Belle started a new era
In exotic spectroscopy.

Mx = (3871.65 + 0.06) MeV
[=(1.19  0.21) MeV
JPC — 1—|—‘|'

also known as X(3872)
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e 2007: Observation of Z*(4430) by Belle: the first
charged tefraquark state. Not confirmed by BaBar in

2009. Confirmed by LHCb in 2014
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Maiani et al. (arxiv:0708.3997) : four-quark radial excitation of the

1* charged state (X(3872) partner)” ~
should be seen in J/PTT
decay mocD
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e 2013: Observation of Z:*(3900) by Belle and BESIII
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SuSyLFHQCD

MN, Brodsky, Teramond, Dosch, Navarra, Zou (arXiv:1805.11567)
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MN, Brodsky, Teramond, Dosch, Navarra, Zou (arXiv:1805.11567)

Charmonium Spectrum
predictions based on PRD 72, 054026 (2005)
measurements from PDG
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e 2011: Observation of Z,'(10610) by Belle: the first beauty charged
tetraquark state: I =1", M=(10,607+2) MeV, 1 =(18.4+2.4) MeV

Mg~ + Mp = 10,605 MeV = Z;7(10610) <> Z1(3900)
2b or not to be, Navarra, MN, Richard (arXiv:1108.1230 )
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e 2015: Observation of the first charmed pentaquark

states, ccuud, by LHCb
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e 2020: Observation
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e 2020: Observation of Z(3985) = D) D) by BESIIL
The first strange charged tetraquark state.
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QCD Sum Rule

Fundamental Assumption: Principle of Duality

M(q) = é / d'z @ (0|T[j(z)5'(0)]|0)

Theoretical side

gua
gua
deg

'k level
'k and gluon

rees of freedom

Wilson OPE

phen
Hi

Phenomenological side

hadron level

hadron parameters
(masses, couplings,
form-factors,...)

dispersion relation
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[1Phen — )2 : > @tinu@
m= —dq

o0
/ ds
S0

So: contfinuum parameter /

e (Q2) — TIOPH(Q?)

valid at s‘all ok valid at large Q°



To improve the matching =- Borel transform

eliminates subtraction terms
Borel Transform suppresses higher order condensates
iIncreases importance pole contribution

2 2 50 2
)\26—77?, /M :/ ds e—s/M IOOPE(S)

fSO ds s pOPE( ) o5/ M?

2 _ JSmin

[0 ds pOPB(s) /7

Smin

m

Good Sum Rule = Borel window such that:

® pole contribution > continuum contribution

o good OPE convergence quark condensate
gluon condensate
mixed condensates

OPE side: condensates
four-quark condensate.

® good Borel stability






N (B) / 20 MeV/c®

PED x:(s568)

Phys. Rev. Lett.117, 022003 (2016).
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QCDSR calculation for X*(5568) mass

Khemchandani, MN, Zanetti: arXiv:1602.09041

tetraquark current
with J°= O*

[1(q) = / z el O\JX jXE .
OPE for the quark
propagator

Ix = CC’:abcgahec TC’75bb dd’V5C§T

[I(z) =
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Pole and Continuum contributions

e

OPE convergence?

L L L L
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Khemchandani, MN, Zanetti:
arXiv:1602.09041

so? In general
so =(Mmx+0.5 GeV)?
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OPE terms
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Khemchandani, MN, Zanetti
Phys. Rev. D 93, 096011 (2016)

6.8}
6.65— ig mx-(6 39 O lO)GQV ‘
6.4 q . .
| i not compatible with
o2r ] X(5568) mass!
6.0- 1 | 1 1 1 ]

3 3.5 4 4.5 5 5.5 6
M*(GeV?)

LHCb (Phys. Rev. Lett. 118, 109904 (2017)), CDF (Phys. Rev. Lett. 120,
202006 (2018)) and ATLAS (Phys. Rev. Lett. 120, 202007(2018)):
no structure is found from B n* from threshold
up fo 6000 MeV



Condensate/RHS

First QCD Sum Rule Calculation for X(3872)

e ——— - - — e ———————— R
Matheus, Narison, MN, Richard: tetraquark current (PRD75(07)014005)
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- 0.13) GeV

3.8—- Prediction for Xp:
mx, = (10.26 T 0.30) GeV

3.7

' | ' | ' | ' | ' | ' | ' | ' |
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
M (GeV?)

Lee, MN, Wiedner: D D*0 molecular current (arxiv:0803.1168)

1

gutme(z) = 75 | (4a(2)75¢a(@)8(@)1,0(x)) = (a(@)1uca(@)es(2) 5 06(2))

mx = (3.87 £ 0.07) GeV




double-ratio sum rules:

1.05

1.03 -

. o Mmal
mol 3 — 1.01
/ M, e
Narison, Navarra, MN, PRD83(11)016004 CC
o Vso = 4.1 GeV
0.97 -
differences smaller than 0.01% VT As e
0'952 | 2i2 | 214 | 2i6 | 2i8 | 3
M?(GeV)

Since Tcc (ccqq) can be described by a DD* current and
X(3872) (ccqq) by a DD* current, similar comparison can also
be made for X and T states.

1.06

1.04 -

1.02 -

0.98 -

0.96 -

0.94

—_—

m, =147 GeV T ——_

MDD* _ 1 004 0.01

Dias, Narison, Navarra, MN, Richard
(arXiv:1105.5630)

Using the X(3872) experimental mass our
prediction for the T, mass is:

My = (38722 +39.5) MeV



Tetraquark current with JP = 1+
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Navarra, MN, Lee, hep-ph/0703071

First QCD Sum Rule Prediction for T

T ([ec][ad]) I = 1+
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/Iight antidiquark: egpc[tipysCdl]

\heavy diquark: €geflct Cv,cy]

mr,. = (4.0 + 0.2) GeV

Prediction for Tup:

mr,, = (10.2 % 0.3) GeV




Prediction for a Z.* state from QCD Sum Rule

w——-—
Lee, MN, Wiedner, arXiv:0803.1168, Ds‘D* molecular current
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4.4

43 + 4
! 1 myg,. = (3.97 £ 0.08) GeV
41 + J
3 V/s0 = 4.6 GeV X1 Lee, MN, Wiedner, arXiv:0803.1168
e 4 o R ~,*--_--—_-—_
£ a0 | XX
Vo =44 GV | m%? = (3.983 £ 0.002) GeV
.| ) arXiv:2011.07855
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Decay W|dth X(3872) - J/L|J'IT'IT |

j‘ (Navarra, MN, PLB639 (06)272)

coupling constant

g(phen) AT gXxuv (qz) , > Ont(P q )
; 2 2\ (02 2. ) (12 2y du
(g2 —m}) (2 m%)@* —m2)  Jumz u—p*

W@: W@j

OPE side:




How fo solve this problem?

If X(3872) is a genuine
tetraquark state, only color-
conected diagrams will
contribute

F'ce(X — J/9 (nm)) = (0.7 £0.2) MeV.

Navarra, MN, (PLB639(06)272)

Compatible with the experimental X(3872)
width: 1'«<1.2 MeV



QCDSR Results for decay widths
of the Z.*(3900)
OPE side: only color-connected diagrams

Dias, Navarra, MN, Zanetti

arXiv:1304.6433

Vertex coupling constant (GeV)|decay width (MeV)

Z1(3900)J /7™ 3.89 + 0.56 29.1 + 8.2

Z1(3900)n.p™ 4.85 £ 0.81 27.5 £+ 8.5
Z 1 (3900) D" D*° 2.5+ 0.3 3.2 4+ 0.7
ZF(3900)D° D** 2.5+ 0.3 3.2 4+ 0.7

[JY% = (46 £+ 22) MeV
FZ+ — (63 T 18) MeV c
—— : F?fLLE _

T 35) MeV




QCDSR Prediction for the
decay width of Zg*

m

Agaln only color-connected
diagrams were considered

Dias, Liu, MN, arXiv:1307.7100

L

Jhy

7o U] = T
L R N

i, R o O
LR RS G

Vertex |coupling constant (GeV)|decay width (MeV)
Z;';J/?,/)K—'— 2.58 = 0.30 11.2 4 3.5
ZIneK*™ 3.410.3 10.8 £6.2
Z;‘;D;{_D*O 1.44+0.3 1.5=x 1.5
Z+D°D*t 1.4+ 0.4 1.4+ 1.4

'y =(24.9+£12.6) MeV [ BES=(12.8 £4.7) MeV

arXiv:2011.07855




- Conclusions |

I —

Exotic states are real, an SR calculations
can be trusted!

X(3872) = The first and best studied
charmonium tefraquark candidate. Its mass and
decay width can be well described in QCDSR.

Z:*(3900) = For sure a tetraquark state. Its
mass and decay width can be well described
in QCDSR.

Z:*(4430) =» First observed charged tetraquark
state. Possible first radial excitation of Z.*(3900)



Z:s'(3985) = first [ccus] observed JP=1*
tetraquark state. Predictions by QCDSR are
consistent with its mass and decay width.

T.'(3875) =» The star of this conference, and
the most expected tetraquark state. First
prediction in 1987. First QCDSR prediction in
2007. Finally observed by LHCb in 2021.
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