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

~&

k

except perhaps if glueballs are important ?

I

O

HUGS 2012 49



the spectrum of excited hadrons

might expect something like the non-relativistic quark model

C%[nQSJrlLJ] L:B---

.
[ — 1D gy D

L=2 —
— —

4 )

... 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)
52
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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 ...

HUGS 2012
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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¢
<= <=

(Ima; 2mp |1m) (Ima; 1m3|2mp ) ym, Dmy Dms

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()

HUGS 2012
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variational approach

principal correlators ¢y =15

o 1.10:” '.|| n=o0 1.3:' 1.15¢ n—=2 1.45' 'l n—= 3
~— 1.08» '; : » 131 l'
EERYAA 12} Lo} 30
©104F f E 121 B
E 1.02 1.1+ 105+ 11 l"-.
| 1.00 | Tecessssssessecessce | | g T 11
< osst 10} 1.00 f | . 19 \“-"-ﬁiiﬁ‘}”
. | : el 1l
0.96 ¢ [ [ 9 s |
\B) L L o L X 09L L PR L l 095 X ' L L t L P L - | I N .
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
fit each with
/
A(t) = (1 — A)e m(Et0) 4 Ae=m/(t=t0)
with m,m’,A as parameters
(throw away: m’, A)
HUGS 2012
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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 \07
Y
3

0.6

0.5

0.4
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the charmonium spectrum from a lattice OCD calc

Hadron Spectrum Collaboration

perform variational analysis in each quantum number ArXiv-1204 5425

[

1500 - - EF" g = - =

n — L

Inl

1000 |- e = = - -

500 - - — - |

m — m(n.) / MeV

O - L L |
0t 17 2t 273 4t 4 L QY 1% 1+t 2%t 3+- 3+ g4+t | 1-+ 0t 2+
‘exotic’ JP¢
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the charmonium spectrum from a lattice OCD calc

Hadron Spectrum Collaboration

perform variational analysis in each quantum number ArXiv-1204 5425

“excess” i []
1500_0—+ 1-- 2-+ — EF“ |:| T L 2 |

I | ==

: m:) | - :

i _ = — = =) :
1000 |- {,:,% - -

500 - {_ - — _] i

m — m(n.) / MeV

0t 17 2t 273 4t 4 L QY 1% 1+t 2%t 3+- 3+ g4+t | 1-+ 0t 2+
‘exotic’ JP¢

HUGS 2012 60



the charmonium spectrum from a lattice OCD calc

perform variational analysis in each quantum number

1500 -

1000 -

500 -

m — m(n.) / MeV

O_

I:II:I

==
=

[

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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the charmonium spectrum from a lattice OCD calc

Hadron Spectrum Collaboration

perform variational analysis in each quantum number ArXiv-1204 5425

) ) — _

1500 - - EF" g = - =

] - . - ] —_— |

]

- _
IC -

= 1000 - F, = = - -

\

~ N S — i

Q ] — _

| i if we’re interested in ph ere is |

E 500 more information thaz ed here .

} the relative s i

: might state composition ? :

O B \_ )

0t 17" 2+t 23 4 4 | o+* D e T T | 1-* O 2+ .

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

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

Tﬁ’ym % (1 — ’VO)@D spin-structure: w ~ gp | 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

D?}m — <1m1; 1m2\Jm> mq 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""

&V5D!]2]:1,m%(1 — Y0)¥¢
DY

=1,m

= <=
Doy Do

(Imq1; 1ms|1m) ,

without gauge-fields: D?]zl m — 0

2]

' h ti t
with gauge-fields D([]:Lm X [ Di, Dj] X Fz" chromomagnetic par

J of field-strength tensor

Yystieh BE thyb,
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operator overlaps

e.g. JPt=1""
3D
- :
] 1
@ 1 | hybl
F 3, ?
— i— 3l)l
0
*. 354
 m 351
HUGS 2012
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the charmonium spectrum from a lattice OCD calc

Hadron Spectrum Collaboration

perform variational analysis in each quantum number ArXiv-1204 5425

“excess” i []
1500_0—+ 1-- 2-+ — EF“ |:| T L 2 |

I | ==

: m:) | - :

i _ = — = =) :
1000 |- {,:,% - -

500 - {_ - — _] i

m — m(n.) / MeV

0t 17 2t 273 4t 4 L QY 1% 1+t 2%t 3+- 3+ g4+t | 1-+ 0t 2+
‘exotic’ JP¢
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the charmonium spectrum from a lattice OCD calc

can isolate dominant hybrid character across the spectrum

1500 -

1000 -

500 -

m — m(n.) / MeV

0

17— 277 277 37 4 47— |

mS

L

Inl

O+t 1+

1+ 2+F 3+ 3+ 4+

1t O 2+

‘exotic’ JP¢
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hybrid mesons

a phenomenology of hybrid mesons based upon OCD calculations

a chromomagnetic field configuration is lowest excitation

r

q3s('Sp)Bg ~0 T @17~ =17~
&qu(SSI)BS ~17"®17 =(0,1,2)" "

J

N

~\

(‘P)Bg ~ 17" ®17 =(0,1,2)""

(*Py)Bg ~ 0T T @17~ =11~
qGs("P1)Bg ~ 17T ® 17~ = (0,1,2)"~

(°P»

\q 8 )BS ~ 2++ X :_+_ — (1, 2, 3)+_J
7- . ] - B
o= N B - &
- i .

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

m(“1”) ~ 700 MeV

3000 f : © .
- d = ] 0"~ 377
| S O o O -
2500_— — = = O
0O = =
3 2000 —_— = = = 1t ot~ 27—
S =
1500 | — -
1+— O-l—-l— 1++ 2++ 3++ 4++ 3-|——
1000 | -
0"t 1~ 273 4 274 *
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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

3000+ . .
() - DD. . R
=N N - S
- —
2500 ) — . J—
* .
*D — P— = D :*
:> (s
%ﬁ 2000 f = = = 1=t ot 2t~
\ [ e ]
E P
1500 | - -
1+— O++ 1++ 2++ 3+—|— 4++ 3+— g ggg
1000 | — Lt
e G
— * _
0+ 172 3 "4~ 2=t 4+ =
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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 ____ -
?'5 2
~_ 15} ==
=
1.0}
1——
0.5}
.O:

m(1) ~ 400 MeV

| —» —
M
17
e
O—i—-l—

positive parity

exotics
m
p— 3?+4?+3?—ET >
1—+
o+
M. = 39-6 MeV

Hadron Spectrum Collab.
Phys.Rev.D82, 034508

712
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isoscalar mesons

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

7 -pg

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

HUGS 2012
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isoscalar mesons

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

Q" Q.

' ©>d3

HUGS 2012
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isoscalar mesons

Hadron Spectrum Collaboration

PRD83 111502 (2011)

negative parity positive parity exotics
ey S L S
— S - L -og
_ - B o
2 5 B : e EO/ 4__ : o 4 —+— . i o/\ - :
' L=l o Sy o mmm o | > N
: < = S mms O EEms o e +-
. ~ I =.43 -
| = E’ 3 3++ 4+—|— 3+— \2’
9\ \QL - N
| — . =
2.0 B 5 § 33/ B
Z o & S : .
@) 2 R/-= S —+ 1
~ § - 97 2 .
i | — =2
ésc 15k . Ol i
e [ 2
=| &
e 1T ++
1.0} O—3 L
7 - o < m,. = 396 MeV
_ a - isoscalar ==
S { s
L
0.5¢F isovector
B 0+ YM glueball
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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)

N~ A~
1+ 3T 5+ 7t 1t 37 5t 77
2 2 2 2 | 2 2 2 2
_ : = ] ]
3.0} ] :
_ (— | ]
—
— |
= :
25F o C_J — p— ' =
% — = : — — — =
U —> I
g | = = |
S a0l |
- |
[
[
i |
I —_———
1.5k |
i |
— |
|
[
i |
1.0F : i
I | m, = 524 MeV A
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hybrids (mesons and baryons)

approximately remove the ‘quark

mass’ contribution to the hybrid mass

o
0 | % | % A | w0 |
! = .z : hyb | & 12000
B EE R
= 8p  10p o= Ny Apgy 1| =
=, | | o~ IS -
= 1500 | x L [:,l_J [:J[_] : O 11500
b | D C] | D | D ’_q I
= e o E o : = | =
~ 17 =3 ! E'C] e ——
e  |I's= ] l | | -
|S oo E] | : = : {1000
: ; : :
1+ 3+ 5% 1+ 3% . | |
- 2 2 2 2 2 | | | ]
500 | : ! ! 4500
My = Mg = M) | | :
. My = 702 MeV | My = 524 MeV | my = 396 MeV 1
light hybrid mesons - m,
light hybrid baryon - my chromomagnetic gluonic excitation scale ~ 1.3-1.4 GeV ?
charmonium hybrids - mp.
a model dependent interpretation of lattice OQCD calculations
HUGS 2012 77



the spectrum of OCD




real OCD

real OCD has very few stable particles : T, K7 N, 27 A, E, ()

‘states’ like p, A ... are resonances

asymptotic states of the theory include multi-pion states

e.g. in the CM frame /dﬁ Y[rfn (ﬁ) ‘W(ﬁ)ﬂ(_ﬁ)>

with } ﬁ ‘ varying continuously up from zero

e.g. T scattering in isospin-1

HUGS 2012
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real OCD

real OCD has very few stable particles : T, K7 N, Z, A, E, ()

‘states’ like p, A ... are resonances

asymptotic states of the theory include multi-pion states
.g. in the CM f SR ~ —_n
e.g. in the rame dp YL (p) ‘ﬂ'(p)’ﬂ'( p)>

with } ﬁ ‘ varying continuously up from zero

7*p — r*px0

e.g. T scattering in isospin-1 70— 2085 events -

Tt Tt

0 10

for small t

200 aQo 600 800 1000 1200 1400
TUTT tnvariant mass (MeV)
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real OCD

real OCD has very few stable particles : T, K7 N, 27 A, E, ()

‘states’ like p, A ... are resonances
asymptotic states of the theory include multi-pion states

e.g. in the CM frame /dﬁ Y[rfn (ﬁ) ‘W(ﬁ)ﬂ(_ﬁ)>

with } ﬁ ‘ varying continuously up from zero

within the field-theory we have correlators 5
pv (E)

e.g. the (Euclidean) vector correlator A

Co(t) = [dE " py (B)

2Mm.
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real OCD

-
a lattice calc.
3000 F
=
2500
> =
=
< 2000 =
S p—
1500 f
1000F —
[
_

2Mm.

HUGS 2012
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field theoryin a

consider the case of one space dimension with a boundary condition

wp (33' ) — Bip T free particle

% (CI? -+ L) periodic boundary condition

<=

S

2
|

2T

eipLzl — — — n
P=7

HUGS 2012 23



two-particle states in a finite volume

in a three-dimensional cubic box 27T

ﬁ: f [nxanyanz}

7[000] [000]

[100]7[-100]
4 / V4 /[110]7r[-1-10]

non-interacting
spectral function

E(L)

A

HUGS 2012
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two-particle states in a finite volume

but hadrons do interact, and sometimes strongly

W — p —> T
TN - A =N

e.g.

what is the impact of these interactions on the finite-volume spectrum ?

HUGS 2012
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two-particle states in a finite volume

e.g. non-rel quantum mechanics in one-dimension

two spinless bosons separated by I scattering solutions of
interacting through a potential V(CIZ‘) _iﬂ + V() = By
m dx? N
in center-of-momentum frame E = k_Q >0
m

b(x — 00) = N cos [k|z| + 8(k)]

scattering phase-shift contains
all the information about elastic scattering

=0 (%e—zﬁ) (e—z’kaz n €2i6(k)6z'kzc)

normalisation
reflected wave

‘/\
>
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two-particle states in a finite volume

e.g. non-rel quantum mechanics in one-dimension

two spinless bosons separated by I scattering solutions of
interacting through a potential V(CIZ‘) _iﬂ +V(2)y = Ey
m dx? N
in center-of-momentum frame E = k_Q >0
m

b(x — 00) = N cos [k|z| + 5(k))

finite length world —L/2 << L/2 with periodic b.c.

wavefunction and derivative continuous at boundary

—ktan [ 4 §(k)| = ktan |52 + 6(k)]
tan [2E +6(k)] = 0

2
kL 4+ 20(k) =0 mod 27
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two-particle states in a finite volume

e.g. quantum mechanics in one-dimension

kL +20(k) =0 mod 27

discrete & volume-dependent spectrum of scattering states

- k:2i<n 5(k)>

m L L

shift due to
interaction

k

A

e.g. a weak attraction
o=l k\

e 3
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two-particle states in a finite volume

the analogous expression for two-particle elastic scattering
in a finite cubic volume has been derived by Liischer

somewhat complicated by the lack of full rotational symmetry (a cube)

for our purposes, we’ll pretend that it’s as simple as
0¢(E) = fo(E, L)

known function of
energy and box length

so we ‘measure’ [, on one or more volumes

and plug into the formula to determine () at discrete energies

HUGS 2012
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T 1sospin-2 scattering

e.g.
-n-+

Tl-+

empirically: weak & repulsive scattering
Tl-+

0

-5

-10

-15

-20

dp / °

-25

-30

-35

-40

T

T

T

T

r

005 04 015 02 025 0.3 035 04 Pem/GeV?
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T isospin-Z scattering - field theory calculation

C(t) = (00T, (t

HO!, (t)- O

(0)]0)

C[ D ﬂ
o d
no quark-annihilation
in these correlators C[ D U
d
t 0 t
7'71000] 7T[000]
variational in a basis “ntt” of various 7T:1()O: 7-‘-:'100]
of operators : relative momenta
7T1110]7"[-1-10]
e.g. P =1[000]  7111)7-1-1-1]
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T 1sospin-2 scattering

Hadron Spectrum Collaboration

arXiv:1203.6041

77000] 7T[000]
variational in a basis “mmr” of various 71100] 7[-100]
of operators : relative momenta _ o
7T[110]7"[-1-10]
eg. P =[000]  7[111]7}-1-1-1]
: P = [000 AT
0.35 =
extracted energies @ 03l . o :% -2,0,0],[2,0,0]
shifted upward slightly I -
from non-interacting ng . ° b
pion pairs o -1,-1,0], 1,1, 0]
0.2} ) -1,0,0],[1,0,0]
0150 5 o o 0,0,0],[0,0,0]
1I6 1I8 2IO 2I2 2I4 2I6 L/as El ]%’2
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T 1sospin-2 scattering

S-wave scattering phase-shift

0 0.002 0.004 0.006 0.008 0.01 0.012  0.014 2
I | T | I l ' (a’t pcm)
4
ol 1
'20 B E |‘O‘| E E 0
i
° = o1 b
- -+ T
Lo 1
-30 |
-40 + aL/ag =24 ;Z (1)88
@ Ljas =20 5 110
o Ljlas=16|_. "
5oL | ) my~400 MeV
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T 1sospin-2 scattering

S-wave scattering phase-shift

0.006 0.008

P = [000] A}

0 0.002 0.004 <
| | Z:; [-2,0,0],[2,0,0]
E = -1,-1,-1],[1,1,1]
N [-1,-1,0], [1, 1,0]
10 E [-1,0,0],[1,0,0]
) o [0,0,0],[0,0,0]
E 16 18 20 27 24 26 Ljas Fy. 7,
20+ For E
@)
~ L
@)
LS
30 L
401 | e Lja, =24 ]];: (1)88
0 L/a, = 20 E - 110
oLlag=16|_
-50 L N mn~400 MeV
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T 1sospin-2 scattering

S-wave scattering phase-shift

0

-10

0o / °

-50

0.002 0.004

0.006

(=

aL/ag =24 ;Z (1)88
0 L/a, = 20 E - 110
oLlag=16|_ =

04} . P = [000] A}
0.008 o .
! é [-2,0,0],[2,0,0]
= [-1,-1,-1],[1,1,1]
[-1,-1,0],[1,1,0]
[-1,0,0], [1,0,0]

[0,0,0], [0,0,0]

m;~400 MeV
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T 1sospin-2 scattering

S-wave scattering phase-shift

(=

04} P = [000] A}
0 0.002 0.004 0.006 0.008| >~ S
' ' ! ! = s :i [-2,0,0],[2,0,0]
E LTE & [-1,-1,-1],[1,1,1]
% T S 025 [-1,-1,0], [L,1,0]
0.2r [-1,0,0],[1,0,0]
-10 B 1 \“€ [0,0,0],[0,0,0]
E 24 26 I/a, R Ey
\§ J
20 | L 7 %
O
~—
-
Lo
30 L
40 | s L/ag = 24 ]];: (1)88
0 L/a, = 20 E - 110
oLlag=16|_ =
sl | My~400 MeV
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T 1sospin-2 scattering

S-wave scattering phase-shift

0 0.002 0.004 0.006 0.008 0.01 0.012  0.014 2
I | T | I l ' (a’t pcm)
4
ol 1
'20 B E |‘O‘| E E 0
i
° = o1 b
- -+ T
Lo 1
-30 |
-40 + aL/ag =24 ;Z (1)88
@ Ljas =20 5 110
o Ljlas=16|_. "
5oL | ) my~400 MeV
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T 1sospin-2 scattering

D-wave scattering phase-shift

0.002 0.004 0.006 0.008  0.01 0.012  0.014 2
) : ! : | | I I (atlknJ
O x = = :l: T:_;::
i T
O
\C\] 5L =T %
Lo
10
a Ljas =24 | P =[000]
0 L/as =20 | P = [100]
o L/as =16 | P = [110]
155 L / my~400 MeV
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T 1sospin-2 scattering

summary (with effective range fits) k%_l_l cot 55 — aig —|—__% Tgkz + ...

2
0.002  0.004 0006 _ 0.0 001 0.01F) 0.014 (@t Pem)

: T D E\E —

] -20 E : vy E :
~— : E I
S ] T E (=0
-30 | '
40 |
-50 L my~400 MeV
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T 1sospin-2 scattering

lattice OCD : my~400 MeV

0 O.QOZ 0.904 0@9@___1_9.()'0§ 0.(|)1 ®.0|12T. .
10l ! " "
E %
R i
3 o J@ (=0
-30 |
-40 -
-50L

0.014 (@¢ Pem)?

de /°

experimental compendium

0

-5

-10

-15

-20

251

-30+

-35}

40t

005 0.1 015 02 025 03 035 04 Pen/GeV’

=X X x
X x X X X

}H\}LLL B

I {=2
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T 1sospin-1 scattering

more interesting scattering channels are those featuring resonances

e.g. the p in
01 (L) }
150 —

100 =

50 —
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T 1sospin-1 scattering

more interesting scattering channels are those featuring resonances

e.g. the p in

01(F)

100 -

400 600 800 1000 1200

E / MeV
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T 1sospin-1 scattering

more interesting scattering channels are those featuring resonances

150 -
100 |-

50

SiIl2 51
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T 1sospin-1 scattering

expected finite-volume spectrum given a p resonance

mpr=139 MeV
m,=770 MeV
rp=150 MeV
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HUGS 2012 104



T 1sospin-1 scattering

a strongly volume-dependent spectrum

1000
900
800 1
700

600

500

400

300

300 400 500 600 700 800 900 1000

HUGS 2012 105



T 1sospin-1 scattering

expected finite-volume spectrum given a p resonance
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T 1sospin-1 scattering

expected finite-volume spectrum given a p resonance

level .
[ +
repulsion ty

E / MeV

L /fm
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T 1sospin-1 scattering

expected finite-volume spectrum given a p resonance

mpr=139 MeV
m,=770 MeV
,=150 MeV
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T 1sospin-1 scattering

. . my=139 MeV
expected finite-volume spectrum given a p resonance m,=770 MeV

rp= 150 MeV
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the spectrum using ‘local’ operators - T17~

04
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02F

0.1F

0.0*

no systematic volume dependence observed in the spectrum
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the spectrum using ‘local’ operators - T17~

mx~400 MeV
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the spectrum using ‘local’ operators - T17~
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the spectrum using ‘local’ operators

we suspect that this effect can be understood

= hypothesise that energy eigenstates are superpositions of

* a ((Q state, call it ‘p>

* “non-interacting”

TTT > basis states

= hypothesise that local qq operators have a suppressed overlap onto |7T7T>

by at least a factor of 1/ L3
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T 1sospin-1 scattering

expected finite-volume spectrum given a p resonance

level

repulsion

a simple two-state mixing model:

El> — cos 6
E2> — —sin 6

4+ sin 6
+ cos 0
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the spectrum using ‘local’ operators

El> — cosf p)+sinf

a simple two-state mixing model:

EZ>:—sin9 + cos 6

if we only use operators which overlap well with and not with

then a variational solution won’t be able to find the orthogonal combinations

the principal correlator will behave like

<p{€_Ht‘p> — cos® Qe Pt 4 sin? e 2t

0172 0.172

0.170+ EZ 0.170
f 6 =70° 7
S 7 9 — 450 \
0.166 - 9___200(u% -
0.164 - E_‘L 0.164
o w0 2 3 4w 16 o 10 200 300
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T isospin-1 scattering - lattice calculation

do it properly !

operator basis:
~ usual big set of derivative-based fermion bilinears

= TITi-like operators of definite relative momentum

need quark annihilation diagrams

e.g.
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[100] Al - with & without tTr operators

just ‘local’ vector operators

CLtE
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[100] Al - with & without tTr operators

just ‘local’ vector operators

CLtE
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the spectrum using ‘local’ operators - T17~

mx~400 MeV

04 O = -
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02}
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ool L=16 L=20 L=24
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T isospin-1 scattering - pion mass dependence

European Twisted Mass Collaboration

PRDS83 (2011) 094505

= two-flavour calculation (no strange quarks)

- four different quark masses

= setting the lattice scale ?

= computed in relatively few frames
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T isospin-1 scattering - pion mass dependence
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forthcoming resonance calculations

computationally challenging:

« pion-nucleon elastic scattering (A resonance)

v/J —

= lots of quark lines
= ]ots of matrix multiplication

... computer time
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forthcoming resonance calculations

computationally challenging:

« pion-nucleon elastic scattering (A resonance)

requires untested formalism:

= meson-meson inelastic scattering (e.g ao in Tn-KK )

B dn el _1 A /1—n2et(01+82) 7]
e.g. 2-channel ki 2i L VEk1ka 2
inelastic scattering an /1-n2etC1to2) A ne?t02 -1

_'\/kjlkz 2 kz 27/ _

finite-volume formalism

Eu(L) = £ (6:(E).62(E). n(E); L)

‘measured’
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forthcoming resonance calculations

computationally challenging:

« pion-nucleon elastic scattering (A resonance)

requires untested formalism:

« meson-meson inelastic scattering (e.g ao in nr]—KI_( )

~ three-meson decays, e.g. w,ai,az...— TN

all the complications of building unitary, analytic
scattering amplitudes present for experiment !

HUGS 2012

126



and to finish ...

thank you for your attention
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