the excited spectrum of QCD




the spectrum of excited hadrons

let’s begin with a convenient fiction :

imagine that QCD were such that there was a spectrum of stable excited hadrons

e.g. suppose we set up OCD with just two degenerate
flavours of quark with mass roughly that of the charm

Juark m. = mg ~ 1.5 GeV

then we’d expect a spectrum of ck hadron states
starting at about 3 GeV that are stable up to about 6 GeV
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except perhaps if glueballs are important ?
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the spectrum of excited hadrons

might expect something like the non-relativistic quark model

C%[nQSJrlLJ] L:B---
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... but OCD might be more interesting than this,
e.g. what about ‘gluonic excitations’ ?

- glueballs

- hybrids

... and we need to verify if our simple
expectations of a (J(J spectrum are really present

\- J
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the spectrum of excited hadrons

we’d like to map out the spectrum of states in each J*¢

need interpolating fields that transform like the desired J*¢

s ~ 07T
@ﬂ ~ O—|——|—
e.g. local fermion bilinears Yy ~ 177
b5y ~ 177
€5ty ~ 177
... very limited in JP¢ coverage

one possible extension: D -D. _D.-%9,-F. - 2ig A;
include gauge-covariant ’ ¢ g v z i

derivatives VRN
e.g. YD~ 1 "
- 1=1...3
%D%ﬁjww? i—1..3 9elements

operator is
reducible
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the spectrum of excited hadrons

s i=1...3 operator is
T b~ ? . .
Yy Dy~ j=1.3 9 elements reducible

very easy to build a scheme where the operators are irreducible:

Vm = D _; €i(m)y e(m==+) = j—L% 1, £i,0] spin-1
ﬁm — Z €; (m)ﬁz e_’(m — O) — [07 0, 1} circular basis
i

&
—> (1my; Imo|JM) YV, Dyt ~ JTT with]=0,1,2

Hadron Spectrum Collaboration (1my; fazamasa ‘ JM)

has used up to three derivatives: (1mg; joamas|jozamaosza)
(1mg; 1my|joamay)

— <7 <=7 <=
¢7m1 DmQ Dm3 szﬂp

can build a big basis this way covering all | < 4

PRL103 262001 (2009)

PRD82 034508 (2010)
46

JLab Advanced Study Institute



the spectrum of excited hadrons

so we could compute correlators for each J*¢ and look at effective masses at large t

would give us the lightest state in each JP¢

onp D —
- o, aan
o T D oun
- o, e
0 1-- - 3-- -+ 1+ o+* 1+* D+ 3+ 4++

we want more than this ...
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the spectrum of excited hadrons

we need to be able to extract excited states

C(t) — E Aue_Ent a .Weighted sum of ex.ponentials
- just do a fit to the time-dependence ?
n

(fit variables : Ao, A1 ..., Eo, E1...)

this is a very bad way to
approach this problem

= suppose two states are (nearly) degenerate
- fit won’t be able to tell if there are two states or one !

= how do we determine how many states to include in the fit
- if we decrease tmin to use more of the data, need more states ?

fortunately there is a very

powerful method available ...
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variational approach

: : PC
suppose we have multiple operators for a given ] Ol : (927 (’)3 .
@Z'me
=
D,
e.g. JPC = 1-- O Dty

- = <=
<1m1; 1m2|1m>¢75 Dm1Dm2¢
<= <=

(Imq; 2mp|1m) (Img; 1ms|2mp) Y Ym, Dy Dyt

3

compute a matrix of correlation functions
Cij(t) = (0]0;(t)0;(0)|0)
I Z™ = (n|0;(0)|0)

solve the ‘generalised eigenvalue problem’ : C(t)v(n) =™ (t)C(tO)U(“)
eigenvalues, ‘principal correlators’ )\u (t) ~ Q_En (t—to)

eigenvectors are ‘orthogonal’ v(m)TC (to)fu(u) — 5111 n
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variational approach

the interpretation is relatively simple

the eigenvectors indicate the optimal linear combination of Oz to interpolate ‘I‘l>

0, =3, 0Mo, (M[Q24]0) & Gy

degenerate states are easy to deal with - they might have Em = En

- but they have orthogonal 7){(™) , p()
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variational approach

principal correlators ¢y =15
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a real example - T:7™ in charmonium

26 operators 0.8

variational analysis of ¢ :
26x26 matrix of correlators / '
multiple approximate degeneracies 0.7

T,

@) -
S 0.6+

05t
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the charmonium spectrum from a lattice OCD calc

perform variational analysis in each quantum number

1500 _
> =
z 1000 —
\ |
N\ —_— — p—
~ _
S
~ — ==
S - —
|
500 —
S _
O -
L0t 17— 227 37 4 4

O++

I:II:I

Inl

1%

1tt 2+t 3+t 3+t 4+ [ 17+ 0+ 2+

Hadron Spectrum Collaboration

arXiv:1204.5425
— .

‘exotic’ JP¢
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the charmonium spectrum from a lattice OCD calc

perform variational analysis in each quantum number

m — m(n.) / MeV

1500
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500

“excess”
0t 17,27

I:II:I

[

Hadron Spectrum Collaboration

arXiv:1204.5425
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‘exotic’ JP¢
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the charmonium spectrum from a lattice OCD calc

perform variational analysis in each quantum number

1500 -
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500 -

m — m(n.) / MeV

O_

I:II:I
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[

Hadron Spectrum Collaboration

arXiv:1204.5425

-

if we’re interested in phenomenology, there is
more information than what’s presented here N

the relative sizes of <I‘l‘ Oz (O) |O> ]

might tell us about the state composition ?

g J
Ot 1 2t 23 4t 4 | O+t 17 1+t 2+t 3+ 3+ 4+ I 1-* O 2+ .

‘exotic’ JP¢
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back to the operators ...

e.g. JPt=1"" consider a model-interpretation
_ 1 . 1
w’ym ) (1 — ’yg)w spin-structure: w ~ 75 | X
L E+m
1 i
> (1 =)0 ~ || x
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back to the operators ...

e.g. JPt=1"" consider a model-interpretation

- 2
(Tm; 2ma|1m) §ym, D7y o 3(1 = 70)0

<= <=
D?}m — <1m1; 1m2\Jm> Dm1 Dm2
without gauge-fields: D?LQ . YQm(?)
~ <1m1;2m2\1m> 'QbTUle 'Y2m2 (i) "D
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back to the operators ...

e.g. JPt=1""

n 2
¢75D5]:1,m%(1 — Y0)¥¢
<7 =
D?le (Imy; 1meo|1lm) D, Dy

2

without gauge-fields: D?]zl m — 0

. 2] chromomagnetic part
with gauge-fields Dle,m X [D’H DJ] X F’LJ of field-strength tensor

Yystieh BE thyb,
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operator overlaps

e.g. JPt=1""

I
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the charmonium spectrum from a lattice OCD calc

perform variational analysis in each quantum number

m — m(n.) / MeV
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arXiv:1204.5425
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the charmonium spectrum from a lattice OCD calc

can isolate dominant hybrid character across the spectrum
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hybrid mesons

a phenomenology of hybrid mesons based upon OCD calculations

a chromomagnetic field configuration is lowest excitation

qqs('So)Bs ~ 0" " @ 1T =1""
qqs("S1)Bs ~ 17~ ® 177 =(0,1,2)""
qqs('P1)Bs ~ 17~ @177 = (0,1, 2)
q3s(*Py)Bg ~ 07T @ 177 =177
qqs(°P1)Bs ~ 1Tt @17~ =(0,1,2)"~
qGs(°P2)Bg ~ 27T @177 = (1,2,3)"
7- . ] — L -__
- - — [ -_
- | — ﬁ

O+ 1- 2+t2 3 4+ 4 O+t 1+ 1+t 2+t 3+ 3+ 4+ 1-* O+t 2+
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lighter quarks - isovector mesons

three flavours of quark - all at the strange quark mass

3000 f : © .
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lighter quarks - isovector mesons

three flavours of quark - all at the strange quark mass m(“m”) ~ 700 MeV
interpretations based on operator overlaps
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lighter quarks - isovector mesons

three flavours of quark
- degenerate up/down quarks
- correct strange quark mass

negative parity

i — ([
251 . ..
-
20Fp &= —
| 37
e ____ -
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positive parity

exotics
m
p— 3?+4?+3?—ET >
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M. = 39-6 MeV

Hadron Spectrum Collab.
Phys.Rev.D82, 034508
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isoscalar mesons

difference w.r.t. isovector mesons is addition of ‘disconnected’ diagrams

J-p<

t 0

T (1) - TY(0) - @M(t) - 1?_1“1'0(0)

tr[Qr 0T Qo+ T”] tr[Qr T'] tr[Qg o T

JLab Advanced Study Institute

66



isoscalar mesons

hidden ‘light’ and hidden ‘strange’ can mix % (uﬁ —+ dd) SS
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isoscalar mesons

negative parity
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PRDS83 111502 (2011)

positive parity exotics
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baryons

analogous large basis of operators for baryons - three
quark fields respecting permutation (anti-)symmetry

Hadron Spectrum Collaboration

PRD84 074508 (2011)
PRD85 054016 (2012)
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