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“hadron spectroscopy explores the
ONG RANGE PLAN FOR NUCLEAR SCIENCE possible bound combinations of quarks and gluons
e allowed by the interactions of QCD”

(23 Mev @ 23 (128 Gev @ 3 ( ) \

, %, %
— —
. Measuring lons Per B i
3 g g _Wi‘u:‘ih_"“l the RFQ up 12 charm 12 gluon L
\_ / \_ J \_ J
(48 MeV 4’/*1/3 ( 95 MeV 4’/*1/3 ( 4.7 GeV «?/*1/3
% % %
down e strange s bottom 1
2} 2} v,

ol

m*(n’n®) / GeV?

N




Understanding QCD spectrum

How do quark and gluons combine inside unstable hadrons?

1 Determine the spectrum



Understanding QCD spectrum

How do quark and gluons combine inside unstable hadrons?

O«

How do we extract this particle?

1 Determine the spectrum



Lattice QCD

Dudek, Jackura, Ortega-Gama’s (and others) talks for more/better details
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Lattice QCD
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Lattice QCD

Attractive(Repulsive) interactions reduce(increase) the energy of the system
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Every level corresponds to one “data” point
Liischer, Nucl. Phys. B 354 (1991)
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Lattice QCD

This amplitude can be easily modeled

to (s)
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Lattice QCD

This amplitude can be easily modeled

to (s)

- M? — s —1iy/sD

We can use many more models

—CLtP
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Understanding QCD spectrum

How do quark and gluons combine inside unstable hadrons?

T T
M Determine the spectrum )[ P :( } 7 —1
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Varying pion masses!!
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Understanding QCD spectrum

How do quark and gluons combine inside unstable hadrons?

T T
¥ Determine the spectrum )[ P :( } 7 —1
T T

Varying pion masses!!

M “Understand” the spectrum

“Photoproduction” 3 ( 1502.04514
Resonance “form factors” ) ( 1509.06507

Bheoron” quiO’lz;O‘ ,( 2210.08051
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Understanding QCD spectrum

How do quark and gluons combine inside unstable hadrons?

74 7T
L1 Determine the spectrum )z O :( } I=0 7?22
7 7T

Varying pion masses!!
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Light Scalars: the o
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Light Scalars: the o
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Light Scalars: the o

otal error becomes really large when the state is a resonance
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Light Scalars: the o
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Light Scalars: the o
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Extremely broad — extremely short-lived

Correlated with chiral symmetry-breaking phenomena (Adler zero)
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0.8
Not well-understood — new observables ?? Res.” (MeV)
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Very challenging
experimental extraction

What happens for Lattice QCD ??
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S-matrix

Basic principles that scattering amplitudes must preserve (more general than QCD)!

M Probability is conserved — Unitarity Imt, (s) = p(s)|t;(s)]?

1 Causality — analyticity

1 Particle-antiparticle relation — crossing symmetry
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S-matrix

Basic principles that scattering amplitudes must preserve (more general than QCD)!

M Probability is conserved —Unitarity Imté(S) — ,0(5)|t£(3)|2

1 Causality — analyticity

1 Particle-antiparticle relation — crossing symmetry
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Crossing

Particles and anti-particles are related

D1 D3 P1 P3 P1 P3

t-channel

Do Dy P2 P4 P2 P4

Example, for =z, we can relate all amplitudes through a single function T

>«

More cumbersome for partial waves T! s, t,u) = 32m 20 + 1t (s Py (cos b,
¢
¢

N
N

(mm)r=0 — T'7%(s,t,u) = 3T (s, t,u) + T(t,s,u) + T(u,t,s)
() 1=1 = T"=(s,t,u) = T(t, 5,u) = T(u,t, s)
(77) 120 — T'72(s,t,u) = T(t,s,u) +T(u,t,s)

1
ty(s) = = / 1 dcos O, T (s,t,u) Py(cosb,)

s = (p1 +p2)2
— (p1 —p3)2
U — (Pl —p4)2
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Crossing

Example, for =z, we can relate all amplitudes through a single function T

(T7) =0 — TI:O(S, t,u) = 3T (s,t,u) +T(t,s,u)+ T (u,t,s)

) ( (m7)1=1 = (T (s, t,u) = T(t,s,u) — T(u,t,s)

() =0 — TIZz(s,t,u) =T(t,s,u) + T (u,t,s)

Lattice QCD gives us information on well-defined isospin. We can combine it to build T
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Dispersion relations ... . s — plane (fixed )

R—
Cauchy theorem over contour C C T'=%s, t, u) a
1 T(s' t,u' (st T'(s,t
T(87 t? u) — 2_/ (S 7 /’u (S : ))dS/ mz_t m-zl- (87 7u>
T Jc 575 + maybe subtractions -_— C—
T(u,t,s)
How is this useful?? — “hooks” are given by
Im7T(s,t,u) — data
Project the integral to get your dispersion relations (ex. Roy egs.):
Roy Phys.Lett.B 36 (1971)
th(s) = ty(s) =71/ (s) + Z/ ds' K1 (s, s) Imtl, ()
.0 Am?2

Sum over all isospins and partial waves (only a few 7 contribute)
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Model 1
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Outside the physical region

M Probability is conserved —Unitarity

Causality — analyticity

y Particle-antiparticle relation — crossing symmetry

Systematic tension is drastically reduced!!

Ordinary analysis
Dispersive analysis

Re /s (MeV) Re /s (MeV)
45 500 500 600 450 A5O 500 600 650 700 750 800

0 F -—,—I=-===a=mm=—=0 O—

= = = —200 | 2304.03762 Mr ~ 239 MeV
o —100 . M ®
> %_‘r_% S
@’ [11° §—400 -
g 200 2304.03762 E
~ m, ~ 283 MeV ~ —600 -
—300 +




Outside the physical region

Various recent, dispersive determinations

Another dispersive approac
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Summary and outlook

First-principles extraction of a broad resonance directly from QCD

The lighter the , the more relevant this approach is

(Much) Better constraints over scattering lengths

Future

Study low-energy observables in more detail (Adler zeroes move away from real axis, for large m_)

Extract the f,(980) ?? )[ Jo ’(
Study new observables ?? @ = 0 ’( T g m
N

27



Spare slides
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Permutations

Z/ ds' KIJ(s" s) Imtl ()
Am?2

I’
For 7, . partial waves
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Crossing

s — plane (fixed t)

R—00

Determines the analytic structure of the amplitudes @
C T'=9(s, t, u)

T(s,t,u) has a unitarity cut for s > 4m?

mi

T'=9%s, t,u) = 3T (s, t,u) + T(t,s,u) + T(u,t,s) P Eh

\/

Cauchy theorem over contour C

/ /(.7
T(S,t,U):i/ T(Sytpu(spt))dsl
C

271 s’ — s

How is this useful?? — “hooks” are given by Im 7'(s,?,u) — direct+crossing data

Project the integral to get your dispersion relations (ex. Roy egs.):

tg(s) — fé(s) = TEI(S) T Z / dS'Kggl// (5", 5) Im tg// (s")
Roy Phys.Lett.B 36 (1971) I’ .0 4m?2



Outside the physical region

Both sides are good now, we can nhow apply Cauchy’s theorem+crossing

/ / /
T(s.t.1) — i/ T(s',t,u' (s ,t))ds,
C

271 s’ — s

T'=%s, t,u) = 3T (s, t,u) + T(t,s,u) + T(u,t,s)
T'= (s, t,u) =T(t,s,u) — T(u,t,s)
T'=%(s, t,u) = T(t,s,u) +T(u,t,s) 4

s—plane

o
Now, what happens here??
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Tests: good vs bad

We select those models that respect the DRs
m, ~ 239 MeV
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NilmaxNparams ~ 300 — 400

Scattering plane
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Outside the physical region

Both sides are good now, we can nhow apply Cauchy’s theorem+crossing

/ ! ( ./
T(s.t.1) — i/ T(s',t,u' (s ,t))ds,
C

271 s’ — s

T'=%s, t,u) = 3T (s, t,u) + T(t,s,u) + T(u,t,s)
T'= (s, t,u) = T(t,s,u) —T(u,t,s)
T'=%(s, t,u) = T(t,s,u) +T(u,t,s)

Now, what happens here??

s—plane

\

N

m, ~ 239 MeV /

v
\\.-—/
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Adler Zeroes

If m_~ 0then T(s,t,u) - 0

s~ 0

Adler, Phys.Rev. 137 (196)5)

These zeroes appear on the S-waves and are considered directly linked to ChPT

ChPT predicts Adler zeroes for all pseudo-scalar scattering amplitudes at LO

2 2
SAI=0 = My /2 SA,I=2 = 2m;

In lattice QCD our m_~ 0, but we still use ChPT in most analyses

What can our DRs say about that?
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Adler Zeroes

-0.8

Very “stable” for /=2 zx

Even "bad” DRs produce Adler zeroes for I1=2, close to the LO prediction 5S4 j—2 = 2m72T

m, ~ 283 MeV

Adler zero

-0.6

m, ~ 239 MeV

Adler zero
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Adler Zeroes

All good DRs produce an / = 0 = Adler zero for the lighter mass

05 L O \1 1.5

Adler zero
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Adler Zeroes

All good DRs produce an / = 0 = Adler zero for the lighter mass

No good DR produces an / = 0 zz Adler zero for the heavier mass

m, ~ 239 MeV m, ~ 283 MeV
5 |
4 L | Ret8 . \\
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Recent “confirmation”
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dler zero 2402 .19243

NO Adler zero

38



Couplings

|grr| (GeV)

10 | |
8 | l .
6 | = i
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O | | : | : | : | : |
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Make 0] &=N9l7id compatible < Unitarity

=Y (- -) conr (1, 1)~ (1=

=3 (2

1=1

and data compatible <¢t—————)

>2

Lattice QCD data description

A,

o)

A;

40



Make DR — Out and data compatible G————p Lattice QCD data description

) core i1y~ (B ST

d]H Sj 1 —C; Afz
= | Af — (. )AEi . afl (s:)
dE; c; 1 = AF,
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Ok but not great

Visually, they describe the data and fit, but they are not perfect
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Ok but not great

Visually, they describe the data and fit, but they are not perfect

r ~ 239 MeV
. ) Re+/s (MeV)
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L
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GKPY vs ROY

GKPY: Minimally subtracted — one less subtraction than ROY

For our analysis, Regge contribution too large for 4°

Ret8 S0
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-0.5 |

OSO—LNW
.

1
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O W

-0.5

m, ~ 239 MeV

Ret% 52
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O NW
T T
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GKPY vs ROY

However, pole extraction is more accurate in most cases, particularly for the

coupling /

Re /s (MeV)
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NilmaxNparams ~ 300 — 400

Scattering plane

m, ~ 239 MeV
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Scattering plane N lomax Noarams ~ 300 — 400

Black GKPY my, ~ 239 MeV

d°/Nymp1 < 1, X°/Niap < 2 ) 50
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Scattering plane

Black Olsson
d* /Nemol < 1, X*/Niat < 2 50
SmMp ’ a S2
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NilmaxNparams ~ 300 — 400

m, ~ 239 MeV
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NilmaxNparams ~ 300 — 400

Scattering plane

M, ~ 283 MeV
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NilmaxNparams ~ 300 — 400

M, ~ 283 MeV

Olsson

Y/ Niag < 2

Black

Scattering plane
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The good

B0+ Y | oKl ()

I’

Real s

\/§:4mﬂ'

Smeared over a large energy region T Ve
-10
Complex s 15t
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The bad

Not happening \
E / ﬁf’ S S) Im tg//(S,)
4m

I/ E/

Partial waves

Smax \ szt Smax
Am?2 4m S 4m S fit

Regge must be extrapolated from phys. m_

Regge is wrong below am_~ 0.22 —0.25

Extrapolated

O
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g Regge
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The R egge & Regge must be extrapolated from phys. 7.

O -«

. ' 'l v Biswas et al. 1967
A Robertson et al. 1973
[ |

50 —
P — gluon exchanges — constant over m, 1102.2183 e IO |
mb - 1 Garcia-Martin et al. 2011
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S —~= sl e -

_ —— net result of this work

p, f» — resonances, not constant - A ~ ['/M
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The Regge

ols=0 (mb) ols=1 (mb)
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Pions on the lattice

Connected diagrams Actual lattices (32° X 256)

Size
Ax3x4x3xXIL3xT

Around 10 GB per flavor

Disconnected diagrams

DU

Titi,xrly
Size
(4 x 3 x L°> xT)?

Around 80 PB per flavor

We use clever techniques to "solve” this

At
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Pions on the lattice

Easiest pion construction in terms of quarks

_—yr
@ e

") = |dysu)

At
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Pions on the lattice

Easiest pion construction in terms of quarks

What is the evolution? — contractions

-|->__

") = |dysu)

(0](B150).,., (9759) 4,0 0) = =t ([P W g0 75 [0 [U]] 110075

Point to all propagators
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Pions on the lattice

Lets study the temporal evolution of a pair of particles

C (t) = (0|0 (t)0T(0)|0)

Basis

—Z t) [n){n|O'(0)|0)
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Pions on the lattice

Lets study the temporal evolution of a pair of particles

C (t) = (0|0 (t)0T(0)|0)

Basis

—Z t) n)(n|OT(0 )‘O>
\’ e—th
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Pions on the lattice

Lets study the temporal evolution of a pair of particles

C (t) = (0|0 (t)0T(0)|0)

Basis

—Z t) n)(n|OT(0 )‘O>
\’ e—th

Euclidean time

= E cpe it
T
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Pions on the lattice ~

Lets study the temporal evolution of a pair of particles

C (t) = (0|0 (t)0T(0)|0)

Basis

=2_{0l0® In@l0'O)]0)

1.0 L .
\’ —iHt L Multiple exponentials
6 08 ° .

Euclidean time :
0.6

_E. ¢ e i R
— E Che % - * "3
n 0.090 041 fiy .
n [ 02i Single exponential = * ¢, |
We determine these energies from fitting the °* . %
temporal evolution of the system | . s w0 15 20 25 30
0.080 - ..
e | .
Mer — LO(Q 0075 e Ground state
C(t+1) RESARRARAA SRR S A SR RR ARSI
- = - 5 10 15 20 25 30




