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Introduction

@ Study of hadronic spectrum has always brought many
surprises.
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Introduction

@ Study of hadronic spectrum has always brought many
surprises.
@ Discovery of the charmonium
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Introduction

@ Study of hadronic spectrum has always brought many
surprises.

@ Discovery of the charmonium

@ Most recently, the discovery of possible pentaquark states
by LHCb.
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Introduction

@ Study of hadronic spectrum has always brought many
surprises.

@ Discovery of the charmonium
@ Most recently, the discovery of possible pentaquark states
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Introduction

@ The hadrons are made up of quarks and gluons

@ The interactions of quarks and gluons are described by an
SU(3) gauge theory called QCD

@ QCD is a non-perturbative theory-difficult to extract
predictions

@ Two properties that interactions of quarks and gluons
should have:

o Asymptotic freedom-QCD is asymptotically free
e Confinement-it is believed that QCD is confining
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Conventional Hadrons, Confinement and QCD

@ Quarks carry color charge (can have three different colors:
rgb)

@ Gluons carry a color and an anti-color charge

@ Confinement: Physically observable states are colorless

@ Simplest colorless combination: color+anti-color
B®3=1@8):

Mesons: qu

@ The second simplest: 3 colors (3®3®3=108®8 3 10)

Baryons:
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Conventional Mesons and NRQM

@ In non-relativistic systems, the interaction between a quark
and anti-quark can be described by a potential model.

@ If the separation between quarks is small, one gluon
exchange is enough to describe their interaction
(asymptotic freedom): lim,_,o V(r) oc as(r)/r.

@ If the separation between quarks is large, the potential
raises linearly (confinement): lim,_,, V(r) o< r

@ Cornell potential:

Vi = 22 4 i

@ Add S-L coupling, S-S interaction, relativistic corrections,
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Introduction
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Challenge: hadronic states above open-charm thresholds

risation 3-body effects

3 3 3 3 3 3 3
§1| le P1| ?OI‘EP'I I?S D! |D1 1D2 ??7

& 5000— T T T T
2
2 4750 3
Y(4660)
« 4500 a8 .
© ‘ . 43200 . Z'(4430)
= 4250 %4160) " Y4 e — z |
T — yi{4160] -
4000 . o) . — Wi g
X(3940) Z{3930) = || ) | "
3750_ X(3872) e X([3872) |
= Open charm threshold w(3TT0)

n(28) V28),

3500 o e
X,
3250— “ « Established -
3000= Jiy ® New Statas -
71{15)
2750 Theory
2500 — | | I I I L | |
ot T T3

A. Nefediev, XHadrons Conference, 2015

X(3872) and Ot

r Exotic Mesons

Conclusions

Sliimii




Conventional Mesons and NRQM

Introduction

Challenge: hadronic states above open-charm thresholds
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@ Potential quark model is very successful below thresholds

@ Close to and above thresholds, potential quark mogel is N
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Alternative Pictures

M) = 013%a")+0)13%9%a”)+01(3%0*)(3°a°)+01(99)*(a3) %)+ -

@ They are conventional mesons, but potentional quark
models are not good enough.

@ Molecules: Meson-Meson, Baryon-Baryon, or
Meson-Baryon: Bound states of colorless objects

@ Genuine tetraquarks, pentaquarks, etc.
@ Hibrids: Valence gluons
@ More exotic states
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Alternative Pictures

M) = (18" +01879%°a°)+01(377)(G°a"))+01(99)*(a9) ™)+ -

@ They are conventional mesons, but potentional quark
models are not good enough.

@ Molecules: Meson-Meson, Baryon-Baryon, or
Meson-Baryon: Bound states of colorless objects

@ Genuine tetraquarks, pentaquarks, etc.
@ Hibrids: Valence gluons
@ More exotic states

Deparlmfenl  \Fizik

0

Physics Bliimii
1960

A. Ozpineci X(3872) and Other Exotic Mesons



Non Exotics Multi Quark States

What is a well known example of a hexa quark state?
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Non Exotics Multi Quark States

What is a well known example of a hexa quark state? Deuteron
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Non Exotics Multi Quark States

What is a well known example of a hexa quark state? Deuteron
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~ @
Colorwise, 2 quarks can behave
like an anti-quark: 33 =336

6abcqch ~ Qa

Y

O Color-wise, 2 anti-quarks can
behave like a quark:
3®3=3@6

c°Gpgec ~ q°

In a colorless state, if a quark (anti-quark) is replaced "™ (PE ,
by an anti-diquark (diquark) it remains colorless. .
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Tetraquarks and PentaQuarks-Diquark picture

Replace anti-quark in a meson
by a diquark:

o o— I
|
Raplace both quarks in a Tetraquark

baryon by anti-diquarks Replace quark in a baryon by

o ° an anti-diquark:
oi
°

)
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Consequences of Diquark Picture

@ Many excited states, hence many exotics
@ Diquark can split into into a diquark and a meson

- Fre
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Consequences of Diquark Picture

@ Many excited states, hence many exotics
@ Diquark can split into into a diquark and a meson

SRS
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Meson Molecules-X(3872)

@ X(3872) first observed in 2003 by BELLE in B — J/ynK

@ Quantum numbers determined to be J7¢ = 1+ by LHCb
in 2013

@ my =3871.69+0.17 MeV, T < 1.2 MeV
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X(3872) Mass

@ my =3871.69+0.17 MeV, T < 1.2 MeV
@ Mpo + Mpo —Mx <1 MeV.

@ A Meson molecule is a weakly bound state of two mesons
due to contact interactions, exchange of other light
mesons, etc.

@ In the molecular picture, mx = mpo + mp.o — B where
B > 0 is the binding energy.

@ The mass is a coincidence in diquark picture
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X(3872) — ¢(nS)y

MX —¥(@2S)y) | <241 BELLE 2011
F(X — J/4(1S)y) ~ | 34+1.4 BABAR 2009

@ In the quark model, X(3872) is a 2P state: X — ¢(2S)y is
the AL =1 transition

@ Not so natural in the molecular picture.

@ Even if X(3872) is a molecule, likely to have a significant
charmonium component.
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X(3872) Strong Decays

@ It decays into a final state with / = 0 and / = 1 with almost
equal branching ratio:

B(X(3872) —+ J/vp) _, _ A(X(3872) = J/vp) _

B(X(3872) = J/vw) = | 7 AX(3872) = Jjuw) = 02

@ There is a large isospin symmetry breaking.

@ Isospin violation is naively expected to be of the order of
5 = my — Mg ~2_3%
Aacp

@ Large isospin breaking naturally arises in the molecular

picture due to the mass differences between the charged
and neutral D mesons. O)
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Isospin Structure

@ In the molecular picture of X(3872) can be written as

Gamermann, Nieves, Oset, Arriola, PRD81 (2010) 014029
|X(3872)) = [¢)4)|D°D*®) + [1h2)| D* D7)

— 5 (o) + ) 1= 0+

= cosf|/ = 0) +sing|/ = 1)
(P1]h1) + (alth2) =1

@ In terms of the wave functions ¢ and v», the mixing angle
can be written as

(It1) = [b2))) |1 = 1)

5

J &Priws(F) — vo(P)I?
J a3r(p1 (F) + 2(F)?

Department 3 Fizik
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Isospin Structure

@ In the molecular picture of X(3872) can be written as

Gamermann, Nieves, Oset, Arriola, PRD81 (2010) 014029
|X(3872)) = [1)1)|D°D*°) + [1h2)| D* D7)

= L () ) 1= 0) + =

7 5 (Y0 = [w2))[I=1)

5

A(X(3872)—J/vp)
© 1 0 = Omax, Why gi5ioerat—7re2 ~ 0.27

@ The I =1 decay into J/vp is suppressed by the wave
function at the origin; 11(0) — 12(0).

@ To create a J/4, D and D* should come to the same point.
@ Note that ¥;(r) e 8" .
o) giecn () 7
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Isospin Structure

@ The I =1 decay into J/vp is suppressed by the wave
function at the origin; ¥1(0) — ¥2(0).

@ To create a J/v, D and D* should come to the same point.
@ Note that ¢;(r) e 5"

D
J/,

X(3872) T T, Y, -
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Probing the Isospin structure

1X(3872)) = (|¢1> +12)) [1=0) + —=([¢1) = [¥=2))) [ = 1)

%\
%\ -

Yi(r) oc e B

@ How to probe the / = 1 component of the X(3872)?

@ The decay should be sensitive to the wave functions at
large separation (since 1o decays faster with distance)

@ Solution: look for a process where the mesons making the
molecule decay independently: X — DOD%70
e ()5
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Probing the Isospin Structure of X(3872)

@ X — D°D70 receives contributions both from large
separations and also small separations.

DO
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r(X(3872) — D°D°x°)
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Gray: Only tree level

Blue: Tree level + FSI

Red: DD resonance is generated at the D°DP threshold
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Conclusion

@ Hadronic spectrum is still a rich subject to study
@ The only discovered “new physics” upto now!

@ Even more than 10 years after its discovery, we are still
waiting for new measurements about X(3872)!

@ There are lots of other exotic resonances already
discovered, and waiting to be discovered
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