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Ordinary: (QQ) “quark model” mesons

»

Extraordinary: “tetraquarks”, “meson-molecules”,

threshold enhancements, ...

I. A useful qualitative distinction motivated by large N

II. Supported by unitarized chiral dynamics applied to light scalar

and vector mesons

III. Ordinary mesons — Feshbach Resonances
Decouple as N. —

IV. Extraordinary mesons — Open channel enhancements
Subside into the continuum as N. — oo

V. Follow the poles
VI. The S —wave is special
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Expectations at large N
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Standard meson results as N —

Planar gluon @ ‘ :@D

interactions O(1

Quark loops Al C@) —_— %//\Q
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Classic results:
e Meson widths vanish I' ~ O(1/N.) as N. — oo
e Quark content becomes pure QQ

e Meson-meson scattering vanishes as O(1/N,.);
ordinary mesons appear as narrow s-channel
resonances dual to t-channel exchanges.

DM — MM) ~

t - channel

exchanges

s-channel

resonances
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Closer look at meson-meson interactions as N¢ — oo

(zeneric normalized two meson source

D(z) =

4999 ()

* Large N. counting and qualitative dynamics do not depend on the
internal coupling of quark fields in the source.

* Any such source can always be Fierz transformed to a sum of
products of color singlet meson sources...

D(x) — cos0 Mlz(x)M34 (x) +sinB My4 (X)M23 (x)

M;j(x) = [gi(x)q;(x)]!
_@_

(0|D(x)D(0)|0) ~1 as N, — oo  D(x) ~ 1/Nc { }D(O) ~ 1/N¢
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Meson-meson interactions vanish as N. — o, but what
)
processes are least suppressed?

e The best known residual
meson-meson interaction
at large N is t-channel

meson exchange, which is H

down by 1/N,
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Meson-meson interactions vanish as N. — o, but what
)
processes are least suppressed?

e The best known residual
meson-meson interaction
at large N, is z-channel

meson exchange, which is t

down by 1/N,
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* However this interaction is dual to the
resonances (with widths of order 1/N,.). So it
would be
narrow resonances and t-channel meson exchange.
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Meson-meson interactions vanish as N. — o, but what
processes are least suppressed?

e The best known residual
meson-meson interaction
at large N, is z-channel

meson exchange, which is H

down by 1/N,
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* However this interaction is dual to the
resonances (with widths of order 1/N,.). So it
would be
narrow resonances and t-channel meson exchange.
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Another residual interaction at large N.— and the only one
away from the narrow resonances — is quark exchange
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Another residual interaction at large N.— and the only one
away from the narrow resonances — is quark exchange

No coupling to () mesons [ 1 ]2 { 1 r il
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Another residual interaction at large N.— and the only one
away from the narrow resonances — is quark exchange

No coupling to Q( mesons

- = = Quark exchange “forces”

Scattering state projects entirely onto
meson-meson continuum.
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Further contributions to meson-meson scattering are down by high
powers of N (exchange of vacuum quantum numbers shown).

i 2 1 4
] ow) —[]
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Summary of expectations for meson-meson
scattering at large N

 Overall scattering amplitude is s-channel

O(1/Ne)

resonances

Ordinary mesons

e s-channel resonances <« ()() mesons
with widths that vanish like 1 //V...

* Bound states in the meson-meson
continuum.

* Do not lie within the space of meson-
meson scattering states.

R. L. Jaffe SCGP Workshop on Exotic Hadrons May/June 2018

Ilir




Potentially extraordinary mesons

* In any fixed basis, eg. M79 M54 quark
exchange mixes color octet components
into the wavefunction, so the force is
fundamentally chromodynamic. Quark exchange “forces”

The range of the force is determined by the distance at which
hadrons overlap, of order 1 fermi.

Attractive? repulsive? Capable of generating bound/virtual states
and resonances.

No coupling to confined channels, so the interactions are “potential-like”.

Non-relativistic analog would be simply the Schrédinger equation with an open
channel potential.

Extraordinary hadrons — if they exist at all -— disappear as [V, — 00 ;
they merely subside into the hadron-hadron continuum.
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Corroboration of N. dependence:
unitarized chiral dynamics

Low energy mm scattering can be computed in a J. R. Pelaez, PRL 92, 102001 (2004)
power series in p?/A7 using chiral perturbation thepph/03092721, etc.};

PALET J. R. Pelaez, Phys. Rept. 658, 1
theory. In limit of exact SU(2)r x SU(2)g (?nly AL
parameter at order p? is f.. At order p?, eight
parameters enter: L;...Lg (Gasser, Leutwyler).

J. Pelaez & collaborators

No finite expansion in powers of p? can uniquely

AT TR Imaginary part from unitarit
locate a pole, however "unitarization” methods al- b Y

low approximate analysis. /
()
Inverse amplitude methodn'~ t;]l (p) = gr1s (p2) = L
P2+ m2
Extrapolate to energies where \
interactions become strong. Real part from chiral perturbation
theory
Compute N¢ dependence from underlying QCD; it
fit N¢ = 3 to the data and then vary N¢ trilp) = - i f17(p)
p
+ : where fr;(p) = sindr;(p)e®
I understand that there is model dependence here!
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Ordinary mesons — masses independent of N. and widths — o0 as N. — o

O(p*) N
Parameter || Scaling
Ly O(N,)
Ly O(N,)
Ly O(1)
Ls O(N,)
Le O(1)
Ly o(1)
Lg O(N,)
2L — Ly O(1)

800 825 850 875 900 925 950
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Ordinary mesons — masses independent of N. and widths — o0 as N. — o
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Ordinary mesons — masses independent of N. and widths — o0 as N. — o

p(770)
MNC/M3
0(p4) NC FNc/r3
Parameter || Scaling || | —=Z—~7 _..c" {Yc — LY | | T
L O(N, : ; ; ‘ : ' ; ' w A
L; OENcg 500 600 700 800 900 5 10 15 20 25 30
Ls O(Nc)
L4 0(1) 5 *
Ls | o) K (892) K'(892)
Le o(1)
L7 O(1)
Lg O(Nc) MNC/M3
2L — Ly O(1)
i FNc/rg
800 825 850 875 900 925 950 5 10 15 20 25 30
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Extraordinary mesons subside into the continuum as N¢ —>eo

o Region K Region

Itool
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O rdinary hadrons as O. K. Rice, J. Chem. Phys. 1, 375 (1933)
U. Fano, Nuovo Cimento 12, 154 (1935)
Feshbach resonances Phys, Rev, 124, 1866 (1961)

H. Feshbach, Ann. Phys. (N.Y.) 5, 357 (1958).
(General idea:

e Two channels, one open, the E (7T7T)
other closed. QQ Stat
e (losed channel has discrete

spectrum that overlaps the

continuum spectrum of the \
open channel. Ui I
* Turn on coupling between
channels: The closed channel continuum } k\}r w o
bound state appears as
resonance in the open channel. J
Open channel — meson-meson (eg. ) U — (¢1>H T
Closed (in fact confined) channel - Q@) (eg. p) P | «—> P

R. L. Jaffe SCGP Workshop on Exotic Hadrons May/June 2018
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Ordinary hadrons as Feshbach resonances

oL (¢1)<—> T

¢2 <« p
1 ) No interaction in open channel
holt1) + Vi) = Elth1) except for transition to confined
vV Ne
1 channel. Confined channel
holth2) + \/WV|¢1> +|Veonfining|¥2) = Elth2) couples back to open channel
f -/ allowing “bound state in the
} continuum” to decay back to
Only a discrete spectrum open channel.

Hi ho V/v/N. A 14 9) (| AU A
7L“(vNE h ) iR = Ay e T o

Rlg) = Eolg) = k316) | helus) + JVW (k‘fﬂ%) J‘]%w = 1|y

Confined channel “bound state” appears as a pole in the effective separable
potential in the open channel. Easily solved using Greens function methods.

R. L. Jaffe SCGP Workshop on Exotic Hadrons May/June 2018 I I I i I-




Scattering near a Feshbach resonance

Special case of a separable potential H = ho — A|x) (x| with |x) = V|¢)

(XIx) = (¢V[Ve) =Lland X = —x- 5

helue(k)) — Alx) (x|ue(k)) = k*|ue(k))
General solution for the Argand amplitude f,(k) = sin &y(k)e? %)

£,k i Al (x|ug (k)|
e(k) = L N IONE
1 s f_oo dq o

q%2—k2—ic

with (r\u?(k)} = rje(kr)

e For Feshbach resonance (x|uy) = (¢|V |u}) is overlap of open channel
scattering state with confined state mediated by transition potential.

e And A\ —» — <+ ' feeds confined channel state into open channel resonance.

Ilir
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Scattering near a Feshbach resonance

I v-e(k)?
fe( )_EkQ_kz_L R £0(q)?
0 N.m f—oo qq2—k2—i€

e Unitary
* Relativistic with s = E? = 4(m?* + k?)
e In non-relativistic limit

E(k) = (IV Il (k) = / il

* Scattering amplitude

'R

DSt
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Ordinary meson pole trajectories in the complex plane

AR

1)
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\1 \2 Re k
1.240.4
10 »(4i 0. 2A
3.0°¢ 0.8%
\  p-wave 7.3% s-wave
5.0\ 2_0\\
\;\0\0‘ N il \7{5\ y
| Ji | 1 . ‘~‘~
/N 10.0

e Poles below Re £ axis are resonances

* Ordinary hadrons decouple as N. — «. They become stable states in
the meson-meson continuum

* Poles and associated resonances have no particular association with

thresholds

R. L. Jaffe
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Modelling extraordinary hadrons

Effects generated by open channel (meson-meson) potentials
Respect relativity and unitarity with partial wave N/D method.
Equivalent to solving Schrodinger equation with separable
potential in open channel

helue(k)) — Ax) (xlue(k)) = k*ue(k))
General solution for the Argand amplitude f;(k) = sin 6, (k)e? (%)
A

PP S (L )

14 T bl g 150 2
BT o
ik x-Ee(k)?

T k1o A o €e(q)?

" Nom J—o0 dqq2—k2—i5

A > 0 = attraction; A < 0 = repulsion.

Note N. dependence as motivated earlier.

Nature of possible enhancements depend on character of quark-exchange
interaction. No guarantee of resonance, certainly not in s-wave.
Examine N. dependence.
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Low energy scattering — extraordinary hadrons

Choose example of attractive single channel
interaction giving rise to enhancement/

resonance when 4 is large enough

 No resonance in the s-wave —there is no
barrier and no confined channel state to
drive resonance formation, only virtual or
bound state as A increases

* p-wave shows attractive enhancement,
leading to resonance and bound state as A
increases. Angular momentum barrier is
responsible for resonance.

* Enhancements in both s- and p-waves
vanish as N — o
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Extraordinary meson pole trajectories in the complex plane

P-wave
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Extraordinary meson pole trajectories in the complex plane

P-wave
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Extraordinary meson pole trajectories in the complex plane

P-wave
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Extraordinary meson pole trajectories in the complex plane
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Extraordinary meson pole trajectories in the complex plane

S-wave
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Extraordinary meson pole trajectories in the complex plane
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Extraordinary meson pole trajectories in the complex plane

S-wave
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Extraordinary meson pole trajectories in the complex plane
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Ordinary and extraordinary mesons could hardly be more difterent!

1 S-wave

Im & ‘ﬁ

5 Extraordinary

A

0 1 2 Re k
A

: Ordinary \‘\

| \/ \\‘

-1
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Ordinary and extraordinary mesons could hardly be more difterent!

P-wave

-Im &

Extraordinary
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S-wave extraordinary hadrons are
different from other partial waves

P-wave

STRONG . . ' . . ' WEAK

(smMALL N) (LARGE Ny)

PHASE SHIFT

2.5}
20 " 0.0 Ly
5 NI i
' ~0.5}
1.0
0.2 0.4 0.6 0.8

COMPLEX
k-PLANE

-0.5r
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2 8 4 3]
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S-wave extraordinary hadrons are
different from other partial waves

bound 05¢ COMPLEX

P-wave state \ I k-PLANE
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-05¢r
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S-wave extraordinary hadrons are
different from other partial waves

bound 0.5 COMPLEX
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900000 -
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S-wave extraordinary hadrons are
different from other partial waves
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S-wave extraordinary hadrons are

different from other partial waves

S-wave
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S-wave extraordinary hadrons are

different from other partial waves

S-wave
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Summary

e Large V. distinguishes ordinary (QQ) mesons from possible
extraordinary (> QQQ()) mesons.

e Unitarized chiral dynamics = vector mesons are ordinary and light
scalar mesons are extraordinary

e Ordinary mesons = Feshbach resonances

e Extraordindary mesons = open-channel enhancements, resonances,
bound or virtual states.

e Watch out for unique behavior of S-wave “states” near threshold.
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