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Disclaimer

"l | would like to thank...

m LOC for the kind invitation

m my collaborators at CLQCD:
Y. Chen, M. Gong, N. Li, Z. Liu, J.P. Ma, Y.B. Liu,
J.B. Zhang

m people who sent me information/plots:
S. Aoki, G. Bali, S. Diirr, D. Leinweber, K.-F. Liu,
G. Schierholz, C. Urbach, etc.




Things to be covered

Review on
Hadron
Spectroscopy
and
Resonances

m A good way to start preparing a plenary talk
m looking at previous plenary talks

Introduction

. m However, there was no plenary talks on spectrum last year

ngcvterzt;f"a' m that means that | should cover two years...
Single 5" There is no way to cover so much in 45 min.
scattering m the conventional spectrum computations /
Summary and m single-channel meson-meson scattering /

outlooks

m multi-channel scattering......see Wilson's talk!
m baryon-baryon scattering......see Savage's talk
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Outline

Revi .
Hadron [ ll Methodologies

Spectroscopy

and m The conventional one (the GEVP)
Resonances .
m The not so conventional ones

m Liischer formalism
ies e m Not of Liischer: HEFT, HALQCD, etc.

Th .
e [l The Conventional spectrum

s:ectrum m QCD+QED computations

ingl H H i i
e m Simulations near the physical point
scattering m Excited neucleon states

Summary and " "
outlooks Single-channel scattering

m pion-pion scattering
m charmed meson scattering
m others...

[l Summary and outlooks

m Where we stand and what to expect next
] = =
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The first step: GEVP

:' in a typical lattice spectrum calculation
9

Review on

Hadron m A set of interpolating operators with the “right” quantum
R numbers: {Oy:a=1,2,---, Nop}
Resonances . .

m Compute the correlation matrix:

Introduction CO&B(L 0) = <Oa(t)og(0)> ? (1)
Comentiona m Solve the so-called Generalized Eigen-Value Problem
j_’ecltmm (GEVP) for the eigenvalues A\, 's,
ingle
channel
scattering C(t, 0) N Va - )\a(ty tO)C(tO’ 0) : VO! I (2)
Summary and
outlooks for some appropriately chosen t

m From the eigenvalues A\, (t, tp), extract the corresponding
eigenvalues of the Hamiltonian: E, via

Aa(t, to) ~ e Ealt=to) (3)

m Pass the E,'s to the second step
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Complications

E.'s are NOT hadron mass values!
m E, is the eigenvalue of the QCD Hamiltonian
m (in a latticized finite box!)
m Most hadrons are resonances

Many types of operators enter (operator mixing)!

m single hadron operators
m multi-hadron operators (esp. beyond the threshold)...

S




Q\JNII)@
'; "w_' The second step

|> \’" Relate the E,'s to the spectral quantity
I30%

Review on

Hadron
Spectroscopy

and 1 " - "
Resonances [ E.'s are "approximate” hadron masses
m only if the hadron is stable or the resonance is " narrow”

Introduction enough
The Using a version of the Liischer formalism
conventional
ST m single channel version has matured over the years
SLngleI m multi-channel applications, see Dr. Wilson's talk
channel .
scattering m more channels,rather complicated
e A Using other approaches

m the effective Hamiltonian approach
m the HALQCD approach
m the optical potential approach
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Luscher’s approach

£
® in theory (e.g.
785908

Review on
qedren m original: single-channel spinless two-particle elastic
pectroscopy
at scattering in COM frame,
Resonances

Eo(L) < 0(Ea) - (4)
Introduction
The
conventional 3/2
spectrum - T q
tand(k) = ————< ,
croone = Zult ) (5)

sscattering ’ 21 /RZ _|_ m2 — E(L) , 4= kL/(27T) .
ummary an
outlooks

m extensions over the years

m to particles with spin
to multi-channels
different BC's,
different frames,
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Luscher’s approach

in practice

5o

wlis

mxL k/mx

m scalar )\¢4 theory F. Zimmermann et al, hep-lat/9211029; NPB425,
® pion-pion scattering

m quenched 1992; Gupta et al, PRD4s, 388, 1993

m unquenched since 2005 or so

m has matured in recent years

I complicated for multi-channels

413, 1994
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Other approaches: the HEFT approach

see e.g.

I 0.8 \ ,

=
S

L
inelasticity
=
o
T
Rt
I

phase shift /degree
o
=

I
=3
=
T
At
I

20 /
= ’/
Tz 1
£ PR [
" | 02f v
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0 (-
1 | | | | I} 0.0LL | | | |
1100 1200 1300 1400 1500 1600 1100 1200 1300 1400 1500 1600
Ee/MeV Ee/MeV

m Needs to construct the appropriate hamiltonian

m model parameters are determined by fitting low-energy
data, e.g. for N*(1535) study, z-w. Liu et al, PRL116, 082004, 2016;
1512.00140

m effective Hamiltonian in a finite volume
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comparison of the levels
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2000F 200 =T ! et
1800 1800, -
Introduction
2 1600 2 1600 B
The = =
. < <
conventional = 100 Rl 1400
B matrix Hamiltonian model matrix Hamiltonian model |
SRS Ist most probable 1st most probable
. + 2nd most probable + 2nd most probable
Single = 3rd most probable = 3rd most probable
channel J;E;.i & Verduci ! gssm
scattering L 1 i L L L L L L i L
000 005 0.0 20 025 030 035 040 000 005 010 0I5 020 025 030 035 040
2 /CeV? 2 /GeV?
Summary and mz/Ge mi/Ge

outlooks
m The finite volume levels from z-w. Liu et ai, PRL116, 082004, 2016;

1512.00140
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Other approaches: the HALQCD method

see e.t.

m starts from the so-called NBS wavefunction (a four-point

function)

Frva(x —y, t — to) = (0| Na(x, t)23,(y, t) Ina(to)[0) (6)

m the potential is obtained via the time-dependent HALQCD

approach,

2

Ve(r) ~ iﬂsz(r, 8/R(r. t) —

with R(r,t) = Fyal(t, t)/e_(mN+mQ)t_
¥ no need for GEVP

ot

InR(r,t),

(7)
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Other approaches: the optical potential

see e.g.
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Resonances
m measure the optical potential directly

| ducti . . .
EGSHCEON m analytically continue W(E) to W(E + ig)
Th .
el m taking L — oo, then ¢ — 0
spectrum m done by smoothing
Single

channel
scattering

can handle multi-channels, or more than 2 particles

relatively new, needs further study

Summary and
outlooks

In particular, what is the relation with HALQCD approach?
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My list again
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and

Resonances
Introduction m QCD+QED computations: BMW, QCDSF+UKQCD
LR m simulation at the physical point by ETMC
spectrum
;ngle m excited nucleon spectrum: CSSM and xQCD
E'C"jt"t';fi'ng m pion-pion scattering: ETMC & other groups
Summary and m charmed meson scattering: XYZ particles
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2.1 THE NORMAL

nGrmal
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QCD+QED by BMW

QCD+QED

by
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QCD+QED by BMW: The formalism

Nf =1+ 1+ 1+ 1 simulations, non-compact QED

Review on
Hadron
Spectroscopy m Use non-compact QED description
Resonances m Fix to Coulomb gauge (Feynman — > Coulomb)
_ m treating the zero-mode of A,(x) field in QED; prescription
o m The Dirac operator,
conventional
spectrum 1 U A
il (D)x,y = (4 + m) 5x,y 3 Z(F;(w,l + eqF;(w,)><)UuV5X,y
z?;tllzfilng v>p
ummary an 1 T A
cS>utIooksy . - 5 Z [(1 + f}/,u‘)e’eq o U#’X(SX‘FI/Z,}/
"
1— v, e ®wnyt 6, 4 8
+ ( '7#)6 X — XY ( )

5" Main focus: octec baryons



QCD-+QED by BMW

Nf=1+1+1+ 1 simulations, no

Review on
Hadron
Spectroscopy 0.238 }

S = lowest pion mass §
Resonances 195MeV, largest 0257 Keol=086

volume extent 8fm

-

aMyo
o1

Introducti L. o -0.003

BN = finite volume s

The . 5

comventional corrections due to 5 oo

SRECHEN QED in Coulomb = ot 0.90
Single -0.005 ®
channel gauge 0 001 0.02 0.03 0.04
scattering all

m treating zero-mode

Sum mary and Figure 1: Finite-volume behavior of kaon masses. (A) The neutral kaon mass, Myo. shows no significant

H H finite volume dependence: L denotes the linear size of the system. (B) The mass-squared difference of the
cuiilees n QE D L Prescri pt 10N charged kaon iy Mjr. and Mo indicates that My s strongly dependent on volume, This finiteovolome
dependence is well described by an asymptotic expansion in 1/L whose first two terms are fixed by QED
. Ward-Takahashi identitics (/7). The solid curve depicts a fit of the lattice results (points) (o the expansion up o
| | U SI ng A Mz to and including a fitted O(1/L*) term. The dashed and dotted curves show the contributions of the leading and
leading plus nexi-to-leading order terms, The jon was performed by using the following
separ. at e Q E D an d parameters: bare @ ~1/10, M, = 200 MV, and Mo = 450 McV. The mass difference is negative because a
p lareer-than-phvsical value of @ was used. The lattice spacine a is ~0.10 fin

QCD corrections

m Akaike's information
criterion (AIC) used o




QCD-+QED by BMW

Nf=1+1+1+ 1 simulations, n

Review on
Hadron
Spectroscopy
and
Resonances 10
lowest pion mass I AS — experiment| |
8- —-— @ * QCD+QED|
Introduction 195Mev’ IargeSt [ v = prediction |
— volume extent 8fm = AD ’
conventional .. = | — 1
spectrum m post-dictions for s 4 e ]
L —cc, A
Single AN, AZ, AMD o AN 3 4
channel 4
S m predictions for A=, ol

Summary and A_ d A

outlooks Zcc an CcG
Figure 2: Mass splittings in channels that are stable under the strong and clectromagnetic interactions.
Both of the: i s are the
experimental values and the grey shaded regions represent the experimental error (2). Our results are shown by
red dots with their uncertainties. The error bars are the squared sums of the statistical and systematic errors.
The results for the AMy. AMs. and AMp mass splittings are post-dictions, in the sense that their values
are known experimentally with higher precision than from our calculation. On the other hand, our ¢z
yield AMz, AMz,, splittings. and the Coleman-Glashow difference Acg. which have cither not been measured
in experiment or are measured with less precision than obtained here. This feature is represented by a blue
shaded region around the label.
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QCD-+QED by BMW

Nf=1+1+ 1+ 1 simulations, non-compact QED

B lowest pion mass
195MeV, largest volume

extent 8fm

I£” Fine-tuning

2 ‘
ol - —
. _3‘\1\9\1/ /
< physical point
%v 1 5 WeV
£ /
= ion
) 3 ecay reg
E F A Me \nverse pa ]
£
0
0 ‘ 1 ‘ 2
a/aphys

Figure 3: Contour lines for the neutron-proton mass splitting. The contours are shown as a function o
quark mass difference and the fine structure constant, both normalized with their real world, physical v
Because these two effects compete, by increasing « at fixed quark mass difference one can decrease the |
difference between the neutron and the proton to 0.511 MeV, at which inverse $-decay sets in, as depi
by the blue region. The blue cross shows the physical point. The shaded bands around the contours repre
the total statistical and systematic inties on these predictions. A constraint on the neutron-proton i
difference obtained from other considerations leads to a constraint on my — m,, and/or o, which can be dir
read off from the figure.
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Other related BMW computations:

sigma term, fx/fr, quark masses

sigma term via Feynman-Hellmann theorem in 241 flavor
QCD,1510.08013),

oy = 38(3)(3)MeV | (9)

m Still much lower than Roy-Steiner equation determination
of oy = 59.1(3.5) MeV

m lattice computations by yQCD and ETMC are also lower

m Reasons:?7?7

fK/fﬂ- in 241 flavor QCD (1601.05998)
m important quantity for flavor physics(V,g & Vis)

fic/fr = 1.182(28) . = Vs = 0.2282(54) . (10)
quark masses(qed quenched confs, 1604.07112)
my(MS,2GeV) = 2.27(6)star(5)syst(4) qoeD MeV

- (11)
md(MS, 2Ge\/) = 4.67(6)5tat(5)syst(4)qQEDMev .
[m] [l = =

D¢
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QCD-+QED by QCDSF-UKQCD

QCD+QED

by
QCDSF-UKQCD




FORY QCD-+QED by QCDSF-UKQCD

|> \’" 1+1+1 flavor QCD+QED (non-compact)
785908

S adron m One of the most consequential quantity in physics.
i m Subtly fine-tuned for the stability of matter

Resonances
courtesy of Prof. G. Schierholz

Introduction

The
conventional The Challenge

spectrum
Single
channel 1 2
scattering 0 o S T T 001 [ "
. By = o
Summary and 5 N 0012 ]
outlooks = af N g 0010 |- 1
A N
& AN = ooos | i
= N L
= AN 0.006 - ]
[y ~ 1
3 F 4
= %\—\ 0.004
N 0.002 - ]
N
-3 : : > 0000 ‘ s
1 2 3 4 5 0 02 08 1

(M — My)qop [MeV]

Having an analytic expression for the nucleon mass;as a function of quark=masseszand ) o



QCD+QED by QCDSF-UKQCD

1+ 1+ 1 flavor QCD+QED (non-compact)

Review on

Hadron
Spusiossy m starting from the SU(3) symmetric point:

Resonances mu — md — ms — mq

m use mass of 79, K® and KT to set bare parameters

introducion m Better understanding for flavor violations
e m interpolate between 1 +1+1, 2+ 1 and 3 flavors
spectrum i i
_— m mass of hadron is scheme-independent

hannel . .
seattering m however, the separation of the mass into QCD+QED
Summary and contributions is scheme (and scale) dependent!

outlooks

m QED corrections can be absorbed into the quark masses
& /or meson masses, depending on its typical scale

m They used the so-called Dashen scheme of renormalization

Focus: vacuum structure, octet meson, baryon, quark masses
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The lattice action

1+ 1+ 1 flavor QCD+QED (non-compact)
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Action

S = Se+ Sorn + Sp+ Sp+ S

Introduction Se — % Z Tl‘ {CU [1 = Uw(x)] +e1 [l — Ru(x)] }

The b

;:gzzterllt':nal Sgep = ﬁ Z (Au(2) + A (2 4 1) — Au(r + 1) — A(2))’ noncompact
Single wHsy

z?;tllzfilng S = { Z [q(r — e*"“q“u'?'")('fﬁ,(r;q(a; + 1)

zﬂimi;y e _a(r)"m‘ijlezequ(r—m Uﬁ‘f — yale — )]

1 1
g = Jesw ;amaﬂw(r)q(m)}

2 1
Lattice spacing a implicit By = 3 eq = e = ~3
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Dashen scheme of renormalization

1+ 1+ 1 flavor QCD+QED (non-compact)

The electromagnetic correction to meson mass,

M2 = M?(g?, e, miy, iy, mi)—M?(g%,0, m3<P, m§P, m2P) .
(12)

However, what are the values of m /i,/ No experimental

inputs are available here.

The so-called Dashen scheme is defined to be that neutral

meson masses exactly matches the real-world mass values (after

tuning mQCD of course):

QCD QCD QCD) ]

q(g e*7m mg,mz) q(g 0 my » My » Mg
(13)
which means that the electromagnetic self-energy for the
neutral meson mass vanishes exactly (R. Dashen).
Scheme change is accomplished by one-loop lattice perturbation

theory.
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Pure QCD case: the fan plot

1+ 1+ 1 octet meson and baryon mass

QCD Gell-Mann—-Okubo > quadratic
1 8 10, 27
M?(ab) = Mg + o (5p1q + Sp13) + e Optg = Jtg — MM
M?(aab) = Mg + a1(26pa + 61) + v (Sjta — 0pp) + -+ Oftu + Optg + Ops = 0
3 T T T T T —
T —e— 14 - N
25 + L K —e— A—eo—
® n —e— s Y e
9 L . i 1.2 - L. Z—e—
X . = 4 oee o 3® .
EE 15 | .. : . — § 10 ve = o : e
1r : . . ] 08 s * -
. . s®
05 - R 1 06T 1
0 ‘ ‘ ‘ ‘ ‘ ‘
-0.01 -0.005 0 0.005 001 -0.005 0 0.005
(8t + Spa) /2 (8ppu+8pa) /2
X2 = (Mpo+M oy 4+2M20—M21) /3 Xy = (M} +M+Mg M +M2_+MZ0) /6

courtesy of Prof. G. Schierholz
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QCD+QED: Dashen scheme

1+ 1+ 1 octet meson and baryon mass

o Define symmetric point by Mps(ut) = Mps(dd) = Mps(ss) = Mps(ds) = Mps(sd)

o Renormalize (rescale) quark masses 0.0090 ‘
2
Spig =+ Spg = Opq(1 + Key)
0.0085 - i
such that -
=4
S
Fu = fld = [Ls 0.0080 - J
@ Dashen scheme &
at symmetric point O bare -
0.0075 ! ! .
0 1/9 4/9
82
0 court

of Prof. G. Schierholz
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QCD+QED: quark masses

Nf =1+ 1+ 1 octet meson and baryon mass

Quark Masses

M2y = M7 + (b, + Spta) = ov(juy + fa) }

Myo = MJ + a(Spa+ 0ps) = olpug + pus)

fu + ftd + pts = constant

my = Z25(2GeV) AZN i,

2.49(14) MeV
me = 4.80(27) MeV
m. = 94.5(52) MeV

2
Il

My, Mg

RBC-UKQCD

RM123

MILC

QCDSF

T 0.52(2),
md mq

=19.7(9)

courtesy of Prof. G. Schierholz
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Finite volume corrections

1+ 1+ 1 octet meson and baryon mass

10 i 10 T T
D —— . B = ]
= 5"‘**\@~*—@—» D g T E ’ I
%07 1 § Ol;\§¥7ﬁ«< $ p—n ]
= g ©
4 0—s-s- = KK | 5 ]
. e o D
-10 - ! : L L 0 0 0‘01 0.|02 0.‘03 0.|04 0.‘05
0 001 002 003 004 005 ofL
a/L
m Using Davoudi&Savage
OEM 2 271'045/\// 2 47['C_1
AM = ——qq |l 1
m 2L 1[ +M7T+L] MR TER >"[ ML
QEM 2 27‘(045/\4 2 47TC_1
AM, = ZEM. |4 14 et
P 2L Cl[ * MPL] MRTER >”[ ML

] = =
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Mass splittings

1+ 1+ 1 octet meson and baryon mass

AM QCD + QED | QED Experiment
M_4 — M_g 4.60(20) 4.59
Mo — M4 |4.09(10) —1.66(6) 3.93

M, — M, |1.35(18)(8) |—2.20(28)(10)| 1.30
My, — My |7.60(73)(8) [—0.63(8)(6) 8.08
M__ — M_ |6.10(55)(45)| 1.26(16)(13)| 6.85

8 K

: | B

=3 ]

= 4 Y o 4

4 F

2L _
—o
0
T K N p) =

A



QCD vs. QED

1+ 1+ 1 octet meson and baryon mass

Review on arXiv:1508.05916
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(M, — Mp)QED [MeV]

(Mn — My)qop [MeV]
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Physical point simulation by ETMC

Physical point simulation

by
ETMC




Physical point simulation by ETMC
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Nr = 2 simulations, clover term added

Various quantities studied
m lattice scale from gluonic observables
m pseudo-scalar masses & decay constants
m nucleon and delta masses

m quark masses

mMS (2GeV) 3.88(6)(21)(10) MeV
mMS(2GeV) = 107(2)(6)(3) MeV
mM5(2GeV) = 1.33(3)(7)(3) GeV

1st: statistical; 2nd: systematic of scale& Zp; 3rd:
RI-MOM to MS.

m contrib. to anomalous magnetic moment

] = =
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r Phy5|ca| point simulation by ETMC

Chiral extrapolations

Review on
Hadron
Spectroscopy 4 0 =390 w/o clover A B=390,N;=2
and O 8 =4.05 w/o clover 74 ® V B=4.05N; =2
Resonances O B =420 w/o clover 0 B f=420,N; =2
A B =210 w/ clover ) B 8 =210,N; =2, clover
3 | %X Experiment 7 6
3 3 —]
| ducti ;:k 27 5 ’ ¢
ntroduction % 5 4 %0
< N \
The © &

. | _ v
conventional 1 3 0 F—190,N;=241+1 L™
spectrum OB8=195N;=2+1+1

2 {0 B=210,Nj=2+1+1
Single 0 XX Experiment,
channel T T T T T T T T T T T T T T
scattering 00 02 04 06 08 1.0 1.2 00 02 04 06 08 1.0 12
Summary and (roMy)? (roMzx)?
outlooks
(a) (b)

Figure 3: (a) roM2/fr as a function of (roMz)? comparing Ny = 2 results w/o
clover term [15] with the new results presented in this paper. The line is a NLO
XPT fit to the data as explained in the text. (b) Ratio of the nucleon mass to the
pion mass as a function of the pion mass squared in units of 5. We show data
for Ny = 2 w/o clover term, Ny = 2+ 1+ 1 and the new physical point result.
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Physical point simulation by ETMC

comparison with experimental values

|

fre

fo,/fo
fo./fx
fo/fx
fp./fx
fp/f=
fi/f=
Mp./fp.
Mp/fp ==

Mic/fx

0.90 0.95 1.00 1.05 1.10

Qlat/ Qphys

Figure 5: Ratios of lattice results and phenomenological values of the quantities
in the legend with lattice decay puted via the i definition.
For dimensional quantities, the inner error bar combines the statistical and sys-
tematic errors in quadrature while the outer error bar stems from the estimate of

the lattice spacing from gluonic scales. The red bands show the phenomenological 1 [l
T o L - N
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m The Roper state is an example
m from Leinweber et al, arXiv:1511.09146
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The roper: a long-lasting issue

(GeV)
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m The question is how to explain
m Leinweber thinks it is due to SEB used by xyQCD
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m CSSM claims to be able to generate the right roper energy
levels at L=3fm though the levels themselves do not
necessarily appear there
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However, YQCD tells a different story

mn (GeV)

m xQCD checked HSC configurations using both the
variational method and the SEB

m though SEB does make some difference, it is not that
dramatic

m they think chiral property might be the reason
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m 77 scattering length in
I = 2 Channel C. Helmes et al
(ETMC), JHEP 1509 (2015) 109

Mag

m stochastic LapH

m whole series of lattice

ensembles

-0.05

-0.15

0.25

-0.35

7| ® A ensembles
® B ensembles
* D45

| A extrapolated

- LO ChiPT
—— NLO ChiPT

m Comparison with literature:

-0.040

-0.042 4

-0.044 4

=2
0

-0.046 4

M,za

-0.048 A

-0.050 —

g
M,a3 = —0.0442(2)(*3

(e = 379(0.61)(*57)

2" 7K and KK also computed

SE€E C. Helmes, Tue. 4:30pm
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m Preliminary results in / = 0 channel

b d
- --- LO ChPT
% - — NLO ChPT ft . *
- PRELIMINARY +
2
jo ) *
£ 5 t
& o
= o | -7
= -
g | o A ensembles
B B cnsembles
o | ¢ D cnsembles
=N T T T T
1.0 1.5 2.0 2.5 3.0

L. Liu, The isospin-0 pion-pion scattering length from twisted mass lattice QCD, Tuesday 17:10, spectrum
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M. Werner, The Rho Resonance from Twisted Mass Lattice QCD, Tuesday 14:00, spectrum
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Pion-pion scattering: rho

Pion-pion scattering, p(770)



the p resonance by various groups

RQCD: 2 flavors non-perturbatively improved Wilson

Review on m close to physical pion mass: m, ~ 150MeV
Sl m moving frames study in p and the K* channels
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the p mass comparison

RQCD: 2 flavors non-perturbatively improved Wilson
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Figure 5: The real part of the inverse scattering amplitude (top left), phase shift (top
right), Argand plot (lower left), and partial wave amplitude (lower right) for the I = 1,
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m 2 + 1 flavor anisotropic lattice, m, ~ 236MeV

m coupled-channel effects taken into account, see Wilson's

talk
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& 100f

2+1 flavors of clover, m, ~ 320MeV
m, = 798(5.4)MeV and g, = 6.58(0.54)

L. LESKOVEC, Friday, 17:50, Hadron Structure section
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m 2 flavor of nHYP fermions, m, ~ 226,315MeV
m extrapolated value of m, substantially smaller than

physical value
m they argued it is due to quenching of the strange quark

‘ ‘ - ‘ -
_&77%—@9— Y
150f 5/) w 150[ e ”
/ /
/ 4 290(5
| y amg=0.1300(5
— ool I — 100f
z | = /
< ¢ < !
e
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3/9/ ¥ ( .
> . . b . 0 g . . .
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Eem/mg

FIG. 5. Phase shifts as a function of the center of mass energy. The errorbars are slanted along the direction of the Liiscl
curves. On the left we have the m, = 315 MeV data and on the right the m. = 226 MeV data. The triangles, squares, a
hexagons correspond to data extracted from 1, €2, &3 (left) and &4, &5, & (right) respectively. The black curve, error-ban
and fit parameters correspond to Breit-Wigner fit to all data points in the elastic region, Ecm < 4m.. Blue color indicates t
fit to the data in m, £+ 2T, region. The UxPT fits are very close to the blue Breit-Wigner curves.

More of these Tuesday afternoon session
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Charmed meson scattering and the XYZ's

The XY/ particles



The XYZ particles

and other threshold exotics
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Events / 0.01 GeV/c?

The
conventional o TR x
spectrum Mpa(mdiy) (GeV/ic?)

S Z(3900) Z(4430) X(3872) (4025)

channel
scattering

m quarkonium-like states: valence quark structure QQq’g
m Neutral ones, g = ¢/, e.g. X(3872), Y (4260), etc.

m Charged ones, g # q', Z.(3900), Z.(4025), Z(4430), etc.
m Close to thresholds of mesons: Qg and Qq’

Summary and
outlooks

Plus the newly discovered pentaquark states: P, etc.



Charmed meson near-threshold scattering

N¢ = 2 twisted mass confs., using Liischer

Review on
Hadron ° J=0003
Spectroscopy -
and *D*)E £, . 10
Resonances u (D D ) (ZC(4O25)) H j — ?%

CLQCD, PRDY2 054507 (2015) o

(DD*)* (Z-(3900))

Introduction

q col(o(@))

CLQCD, PRD89 094506 (2014) =s -5
The z
tional - H “—»:—-#:.-QL
cectrum m TBC utilized 4 o )
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channel 300,425,485MeV
scattering 1 1
ts 2\ _ 2
Summary and ) g co (q ) = — 4+ —rng + .- ,
outlooks m weakly repulsive a 2

interaction found

m no indication of a "™¥ need more ensembles (with
bound state Nf =2+ 1+ 1) to inspect chiral &
finite volume behavior
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N¢ = 2 twisted mass confs., using Liischer

(Dl D*)i (Z(4430)) CLQCD, Phys.Rev. D93 (2016)

m attractive interaction shows up

m appears to be more attractive than the quenched results
G. Meng et al, PRD80 034503 (2009)

m some indications of a bound state seen

m however, needs more volumes



Review on
Hadron
Spectroscopy
and
Resonances

Introduction

The
conventional
spectrum

Single
channel
scattering

Summary and
outlooks

(a) (b) (c) (d) (e) () (g)
— YT
16— T i
o - DDA
|
i I‘ w]vl)n
441 1 D* D*
. Vs T
L DD*
424 Iy m(-1)
v = * . N = L] = X = nw)
[ -t 1';‘# mTTtT T T "f'f}_ L'l
= 4 Feae | T g - T Iy n
@ P = = - E = - = 3
= Bt == -
55} et - - & Bl -
38— = E E - -
36—
34—
- E 2 - & 2 E 2 >
32 without without without without
exp. all 4Q D(1)D#(-1) D D# D*D* only 4Q

m Study the spectrum and compare with the free

S. Prelovsek et al, PRD91 014504 2015; 1405.7623




Vector and scalar charmonium resonances with

lattice QCD

Review on DD J/w
Hadron p
Spectroscopy e -1 +2 ¥ ) .67
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g

Resonances

The
conventional
spectrum

J/thw

cc
DD | +2 & +2 —4 & V| =2 el 44
Introduction . '"\y ‘\_/‘ - ' e

Single
channel
scattering

C.B. Lang et al JHEP 1509 (2015) 089;1503.05363
Summary and

outlooks

m cC, DD and J/vw operators in scalar channel

m cc, DD operators in vector channel

1" 4/(3770) well described by DD p-wave scattering
BE" v o is still full of puzzles
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M. Padmanath et al, PRD92, 034501 (2015); 1503.03257

m use ¢c and ¢c(u + dd) €css type diquark-antidiquark
operators in JP€ = 1TF channel

K& X(3872) with / = 0 is observed
I¥" Y'(4140) is not found
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The HALQCD approach

Z(3900), 1602.03465
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m Z.(3900) is NOT a conventional resonance
m appears to be a coupled channel effect arising from the
wJ /1 — DD* coupling



other lattice studies

I, ' other near-threshold states, or b quarks, etc.
7308
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geneeee  Involving charm and strange quarks:
and
Résonances B Near threshold states DJ(2317) and Ds1(2460) Antonio Cox for RQCD, Thursday, 15:40

Involving b quarks:

Introduction
B Predicting positive parity Bs mesons from lattice QCD C. B. Lang et al PLB750 (2015)

The

conventional 17;1501.01646

spectrum

Single B B, scattering and search for X(5568) with lattice QCD C.B. Lang et al; 1607.03185
channel

scattering Tetra-quarks:

Summary and

outlooks B Heavy and light spectroscopy near the physical point, Part Il: Tetraquarks Anthony Francis, Monday,

15:35

B Including heavy spin effects in a lattice QCD study of static-static-light-light tetraquarks Marc

Wagner, Monday, 15:15

B Lattice QCD study of heavy-heavy-light-light tetraquark candidates Antje Peters, Monday, 15:35
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Summary for the XYZ's

m Overall picture is still far from clear
m Need more systematic studies

m Need more methods to deal with so many open channels
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scattering involving baryons

meson-baryon & baryon-baryon scattering

meson and baryons:

B Low energy scattering phase shifts for meson-baryon systems \W. Detmold and A.N. Nicholson,

1511.02275
two baryons:
B QQ interaction from 2+1 flavor lattice QCD HALQCD, 1503.03189
B Spin-2 NQ Dibaryon from Lattice QCD HALQCD, 1403.7284
B Two Nucleon Systems at m, ~ 450MeV from Lattice QCD NPLQCD: 1508.07583
operator construction for hadrons with spin:

B Lattice operators for scattering of particles with spin S. PRELOVSEK et al, Tuesday afternoon 17:30,

spectrum session

Glueball spectrum:

B Glueball spectrum from Nf=2 lattice QCD study on anisotropic lattices Y.Chen, Tuesday afternoon

sessions



Summary and outlooks

Review on

Had . . ..
Spectrosenpy conventional computations have come to the precision era:
e able to disentangle isospin and QED corrections; close

enough to the chiral limit, etc.

IntedEie m we begin to understand quantitatively why we can exist!
Th . . . . .
conventional single-channel scattering has been studied using Luscher
S formalism, both light and heavy
Singl! . e . .
e m for the light sector, quantities are also becoming precise
scattering m for the heavy sector, especially the exotic ones, studies are
SHTUTUET et still not systematic enough (puzzles remain)

outlooks
other strategies should be studied in order to understand
the complicated nature of hadronic world!

Thank you for your patience!
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