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Low lying hadron spectrum

Ground states from lattice QCD : fully controlled

systematics

‘Gold-plated’ channels : studies at physical point
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Isospin spliting
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Established ¢c hadrons
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Low lying charmonium spectra from LQCD
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Low lying charmonium spectra from LQCD

ILGTI, arXiv :
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‘Non-precision’ spectrum to be explored
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The XYZ's

TABLE 10: Quarkonium-like states at the open flavor thresholds. For charged states, the C-parity is given for the neutral

members of the corresponding isotriplets.

(TS VAV P VA ARV PN VA JPC D [ Lo inl 3 LN A% Ot
X(3872) SBIL68L017 <12 177 B= K(ntn-J/0) Telle [810,[1030] (>10), Balar [1031] (8.6) 2003 Ok
pp— () ... CDF [1032,[1033] (11.6), D0 [1034] (5.2) 2003 Ok
pp — (vt JfY) .. LHCb [1035. [1036] (np) 2012 Ok
B = K(rtm—n%J/y) Belle [1037] (4.3), BaBar [1038] (4.0) 2005 Ok
B — K(yJ/{) Belle [1039] (5.5), BaBar [1040] (3.5) 2005 Ok
LHCb [1041] (> 10)
B — K(y(25)) BaBar [1040] (2.6), Belle [1039] (0.2) 2008 NC!
- LHCb [L041] (4.4)

B K(DD-)
Z.(3885)T  3883.9+45 25+12 17~ Y(4260) -« (DD*)T BES III (np) 2013 NC!
Z.(3000)t 38012433 40+8 77" Y(4260) = 7w (w /1) BES 111 (8). Belle (52) 2013 Ok

T. Xiao et al. [CLEO data] [1047] (>5)
Zo(4020)T 40229428 7.9+3.7 77 Y (4260,4360) — n (xthe) BES 111 (8.9) 2013 NC!
Z.(4025)T 40263 +4.5 248 +9.5 77— Y (4260) — 7~ (D* D*)* BES 111 [1049] (10) 2013 NC!
Zy(10610)T  10607.2 £ 2.0 18.4 £ 2.4 1T~ T(10860) — = (7 T(1S,25,35)) (>10) 2011 Ok
T(10860) — n~ (77 hy(1P,2P)) Belle (16) 2011 Ok
T(10860) — «~ (BB*)* Belle (8) 2012 NC!
Z,(10650)+  10652.2+ 1.5 11.5+2.2 1+~ T(10860) — x~(x+T(18,25,35)) Belle [1050}[1051] (>>10) 2011 Ok
T(10860) — 7~ (7T hy(1P,2P)) Belle [1051] (16) 2011 Ok
T(10860) — =~ (B*B*)*+ Belle (6.8) 2012 NC!
N. Brambilla, et al., arXiv:1404.3723v2
o & = = 9ace




The XYZ's

N. Brambilla, et al., arXiv:1404.3723v2

TABLE 12: Quarkonium-like states above the corresponding open flavor thresholds. For charged states, the C-panty is given
for the neutral members of the eorresponding isotriplets

State M, MeV r, MeV JPY  Process (mode) Experiment (#e) Year Status
Y(3015) 230184+19 20+5 0277 B K(wl/) Belle [[0SS) (8), BaBar [IU3S8. 0080 (19) 2004 Ok
ete™ = ete (wijv) Belle [T090] (7.7), BaBar Ml (7.6) 2000 Ok
%ealOD) 2007006 D4 ot oo _ oo /DD Dglle TR (=2 RoRap T (280 200 Ok
| X(3040) 304975 w9 ote oy (DDR) Belle [1086, 1057 (6) 2005 NC!
T e, i o e LA 4 G e T IO T i) T
B(4040) 4030 +1 B+10 1 ete — (D)D) (x)) PDG 1] 1978 Ok
Eye= - § FRN 1 1) ﬂ@ pn- LTS L Tall
Z(4050)* 4051734 gatdl 9™ BY L K(wtya) Belle [T006] (5.0), BaBar ({007 (1.1) 2008 NC!
Y(4140) 41458+26 1818 7+ Bt o K+(gJ/v) CDF [I098] (5.0), Belle [T09Y] (1.9), 2000 NCI

LHCb [T (1.4), CMS [T (>5)
Do 1102 (3.1) _
w(4160) 4153 £3 103+£8 17— ete — (DIDB)) PDG [1] 1978 Ok
ete™ —» (nJf) Belle [10U5] (6.5, 2013 NC!
X(4160) 41567 3% 139'““ 7+ etem — Jjw(DD*) Belle [1087] (5. 51 2007 NC!
I3 Vi ST :g QHQ P i Lo — CX T nnm . W“ RT=Tt
I Z{4250)+ 49481185 1774320 9™+ B0 K—(mtx.) Belle [T0U6] (5.0), BaBar [T097] (2.0) 2008 NCI
Y (1260) 4250 =0 W8 £12 1-—  ete- =t (xrd/v) BaBar [L1LAL LIU5] (8), CLEO [LI0G, OLI07] (1) 2005 Ok
Belle [TOG, 008HE] (15), BES 11 [I5] (np)
ete — (fo(980)J/v) BaBar [TTC5] (np), Belle [TU46] (np) 2012 Ok
ete~ — (1~ Z.(3000)) BES I (8), Belle [TUT6] (5.2) 2013 Ok
to— o YI’MH RIS 1] ﬂ’rm (829 o012 W]
Ii'cqzn) 4203£20 35116 T BT o KT (eJ/v) CDF [[008] (3.1), LHCh [TI00) (1.0), 2011 NC!
TS 100 (o0, DO LI0g] (D)

X(4350) 4350615 13t1S  ppatt etem - ete(gdfw) Belle [IT0] (3.2) 2000 NC!

Y(4360) 4354411 T84+16 17~ e (25 Belle [I110) (8), BaBar [IT11] (np) 2007 Ok
M. Pad h University of Graz, Austria. (11 of 51)




Experimental facts : X(3872)

o first observed in Belle 2003 (Belle
PRL 2003)
DO @ TIFR and Belle @ TIFR.

o Quantum numbers, JP€ =1+ .
(LHCb, 2013)

o Appears within 1 MeV below D°D*° ¢

1 1 1 1
3.82 3.84 3.86 3.88 39 3.92
threshold. M7y 77) (GeV)

NN W W
G S P S

- -

Events / ( 0.005 GeV )
o

a

o Preferred strong decay modes D°D*°, J/+) w and J/4 p

@ The isospin still uncertain

* nearly equal branching fraction to J/¢ w and J/1 p decays.
* No charge partner candidates observed.
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Experimental facts :

o first observed in BT — Kt ¢J /v
decays (CDF : PRL 102, 242002)

o Quantum numbers, JP€ =1+ .
(LHCb, 2016 [QWG2016])

@ CMS confirmed the observation of
the peak
(Chatrchyan, et al., PLB 734, 261).

o Results from BaBar have much less
statistical significance
(Lees, et al., 91, 012003).

o Appears ~30 MeV above DSD;‘
threshold.
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o Preferred strong decay mode J/4 ¢.

Not observed in D°D*0 or J /1) w.
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The charmonium spectra |
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The charmonium spectra |
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The charmonium spectra |

1100+ ﬁ f .
000 ¥ X X 3R
; 900 i
< 800 Iog|gT — . x DD*
= N = [E—
5 7000 = DD 71
£ 600 - N
5 s00f - .
< a00F i ]
° i =
> 300+ _
By L
:1;) 200 n
M 100 |
0 B e |
100 = .
rlc E hC xc() ( xc2 ncl \{Jz 3 3 Xc3
JPC: 0-+ 1-- 1+- 0++ 1++ 2++ 2-+ 2-- 3-- +- 3++
Mohler, Prelovsek, Woloshyn, PRD, 87, 034501 (2013)
[m] = =
~ XYZfrom lattice QCD M. Padmanath University of Graz, Austria. (16 of 51)

{D* D*

ul
it
N)
ye)
?



The charmonium spectra |l

(<]

Charmonia well below open-charm threshold : “straightforward” on lattice

(<]

Above open charm threshold :
All physical states with given J¢ can appear as E,.
Single meson states, two-meson states, etc.

o Necessitates the inclusion of multi-hadron operators
O=QrQ, (Qrig)i(ar@u., (i@ (grq)i., [QM13lq[Q24]a..

Wick contractions

©

(<]

g qc Jedqq
lq 4’1©fq -1’1<>.;p l(]@(‘(:
Pt S g @(}; ~ ~ _
A ig 4 Uy « 9 g : &

cc

qc:jnq Goo— aiq QcQﬁr qqe
cq 7 e————pic & g e

cc

OQD

I ————
o @ S
cc »C g C &
»ac °dq
cq <>- cc

@ Wick contractions with disconnected charm lines are assumed to be negligible
: OZI rule

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (17 of 51)
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Take home message

o Dynamical study of 17" channel with diquark-antidiquark operators.

@ | =0: The low lying spectrum remains unaffected with tetraquark operators.

@ A candidate for X(3872) found below the lattice D*D non-interacting level.

©

Tetraquark operators are found to have very little effect on this candidate.

9 [ =1: All energy levels identified with various scattering levels.
No additional candidates for X(3872) charge partner observed.

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (18 of 51)



Out“ne
1) Introduction
@ Methodology

2 ReSUltS

4) Conclusions

«O0»>» «F»r» «E>» - .



QCD spectrum from Lattice QCD

@ Aim : to extract the physical states of QCD.

@ Euclidean two point current-current correlation functions

Giltr — 1) = (010)(tr) 0i(1:)[0) = 3=, Zr L e=mttr—t)

where O;(tr) and O,-(t,-) are the desired 04
interpolating operators and oss 4
— . 0.36
= (0]0yln). = e
o EfFectlve mass defined as log[ =71y t+1)] % S i
5 03r 4
o Excited states appear as sub—Ieadlng 2 iLl'f,ZZ',ZT,llll'f,llgliié;l,‘,i'ﬂlli‘,ll'iii'f,',',}i',l%,li'}f
. 0.28 - E1 1
exponentials 026
0.24
2 4 6 8 10 12 14

9 The ground states : from the exponential fall off at large times.
Non-linear fitting techniques.

o Multi-exponential fit : Numerically unstable

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (20 of 51)




Interpolating operators

©

Need interpolating operators that create states with desired quantum
numbers

JPC — 1++ :

. — o
— Example operators for Ol = gvsviq, gA~svilq

©

In practice many different constructions possible.

©

All those operators with correct quantum numbers should be OK : Overlaps
(Z7)?

(<]

With multiple interpolators — a tower of states

(<]

Cost of computation of correlation matrices (Cj;) very large.

(<]

Particularly with non-local operators as well as disconnected diagrams.

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (21 of 51)



Local and extended operators : “Distillation”

Meson two point correlators using local source operators

Meson two point correlators using extended source operators
M. Peardon et al., PRD 80, 054506, 2009

XYZ from lattice QCD
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Local and extended operators : “Distillation”

o Idea : Quark smearing using low modes of the 3D lattice Laplacian (§>(<k)(t))

@ Smearing operator defined by
N
Oy (t) = Vie()) V(1) =Y e (1)¢Mi(r)
k=1

@ Advantages :
* all-to-all propagators
* correlation matrix for large basis of interpolators
* momentum projection at source and sink

o Disadvantages : expensive; unfavorable volume scaling

@ Stochastic approach improves the scaling.

M. Peardon et al., PRD 80, 054506, 2009

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (23 of 51)



Local and extended operators : “Distillation”
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Local and extended operators : “Distillation”

o Consider an isovector meson two-point function:

Cu(tr —to) = (0(t1) Ty d

d(t1)d(to)

I

XYZ from lattice QCD M. Padmanath

=} 5
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Local and extended operators : “Distillation”

o Consider an isovector meson two-point function:
CM(tl - tO) - <D(tl)Df1rflljfld(tl)a(to)ljtortonou(to»
Integrating over the quark fields one gets

CM(tl - tO) - Tr(o'7s7c)(|]f1 rt1Df1 Mﬁl(tlv tO)DfortUDtoMil(t()v tl))

Substituting the definition of [J and redefining the quantities, the trace
reduces to a smaller space.

Cu(ts — to) = Tr(op)(d(t1)7(t1, to)p(to)7(to, t1))
@3l and 725 are (4Np) x (4Np) matrices.

o(t) = VI()F:V(t) and 7(t,t') = VI(t)M~1(t, ') V(1)
(perambulator)

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (26 of 51)



Generalized eigenvalue problem

Solving the generalized eigenvalue problem for C(t).

Ci(t)v" (¢ 10) = X)(t. 10) Ci(t0) v, (2. 10)
Solve for several ty's.
Choice of ty's crucial = Determine quality of extractions.

@ Principal correlators given by eigenvalues
An(t, to) oc exp™E(t=10)(1 + O(exp~AE(t-10)))
Extraction of a tower of states.
o Eigenvectors related to the overlap factors

(n) _ _ Ento/2 (Mt
Z\" = (0|O;|n) = /2E, expErto/ v Gi(to)
C. Michael, Nucl. Phys. B 259, 58, (1985)
M. Liischer and U. Wolff, Nucl. Phys. B 339, 222 (1990)

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (27 of 51)



Resonant scattering

©

Most hadrons are resonances under the strong interaction

©

Width and the branching fractions often known poorly

(<]

Experimental data is analyzed with a partial wave analysis

(<]

Elastic scattering : amplitudes T; and phase shifts ¢;:

200 _
it _ € 1

T/ = sin(5/) 5

©

A bound state : cot[d;] =i
An isolated narrow resonance peak : a relativistic Breit-Wigner shaped

resonance
__ =VsT(s)
"~ s—sg+iy/sl(s)

with the resonance position sg = m% and decay width (sg)

©

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (28 of 51)



Discrete energy levels : Luscher’s formulae

0.5

O
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Discrete energy levels : Luscher’s formulae

©

Energy levels represent states with the desired JC.

@ Non-interacting two-meson levels are given by

E(L) = \/m? + B+ \/md + 3

2r

where ﬁ1’2 =7 (nxv ny, nZ)'

(<]

Switching on the interaction makes By, # 2% (ny, ny, n;).
The interactions induce a phase shift in the momentum,
eg. in1D P2 =3n+ 25(k).
Liischer's formula relates these level shifts to the infinite volume phase shifts,
8i(k).

For S-wave,

(<]

(<]

73/2

tané(p) = W;Zz); ZOO(]-; q2) = Z R

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (30 of 51)



Discrete energy levels : Luscher’s formulae

%5 25 30 35 0 a5 5ot

Q@ Resonance : Avoided level crossings
@ Narrower the resonance, smaller the level shifts

Q@ Liischer's formulae relates these level shifts to the infinite volume phase shifts.

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (31 of 51)



Discrete energy levels : Luscher’s formulae
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@ Narrower the resonance, smaller the level shifts
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Q@ Lischer's formulae relates these level shifts to the infinite volume phase shifts.

= =

ity of Graz, Austria. (32 of 51)

it
N)
ye)
?



p resonance : an old benchmark calculation

T
150+

100~

50

Lang, Mohler, Prelovsek, Vidmar, PRD 2011

9 Results from a calculation with m; = 266(3)(3)MeV

8prr = 5.13(20);
9 gynr coupling defined as

m, = 792(7)(8)MeV

*3
p
r(s) =
XYZ from lattice QCD

2
S gp7r7r
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Interpolators

N I=0 I=1
Ofis clc does not couple
o™ D(0)D*(0) D(0)D*(0)
o [ J/9(0)w(0) J/9(0)p(0)
of™ | bMmb*(-1) | b@)D*(-1)
o D(0)D* (0) D(0)5*(0)
orM 1 J/4(0)w(0) J/%(0)p(0)
o1 J/d(Ww(=1) | J/¥(1)p(-1)
o 1 n(Me(-1) nc(1)ao(—1)
o Xe(1)n(=1) Xe1(1)7(=1)
o xc1(0)o(0) Xc1(0)ag(0)
O 1 XeoWn(=1) | xeo(D)m(—1)

Org 0 | [€alscleqls, [cT]s [cd]s,
0y_», | [Eals,lcqle. [cals, [cd]s.

XYZ from lattice QCD

M. Padmanath

Two meson scattering levels < 4.2 GeV

o

1 =0;
D(0)D*(0),
J/(1)w(-1),
Xe1(0)o(0).

1 =1;
D(0)D*(0), J/4(0)p(0), D(1)D*(-1),

J/$(L)p(-1),
Xeo(1)m(—1).

University of Graz, Austria. (35 of 51)
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Xe1 (1) (1),



Lattice we use

Lattice size  Nf  Neggs  mx [MeV] a [fm] L [fm]

165x32 2 280 266(3)(3) 0.1239(13) 1.98

Hasenfratz et al. PRD 78 054511 (2008)
Hasenfratz et al. PRD 78 014515 (2008)

@ dynamical u, d and valence u, d, s : clover Fermions
o Fermilab treatment for charm quarks.
9 ms set using [M(¢)]iae = [M(¢)]exp-

me set using [Ma(ne) + 3Ma(J/1)]1at = [M2(ne) + 3Ma(J /)] iat-

©

©

“Distilled” quark sources for all flavors.

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (36 of 51)



An X(3872) candidate from lattice

lattice (m_~266 MeV) Exp
E 1100 — ]
E ] 2 oo
— — 1000 E
= 3 ] =
JO)®(0) A E F00 o
EECTEERvey S EEs E 5 >
D(0)D*0) * =2€==3800 £ s BB G
JE  X(3872) A r:;, oo T ——
| | 17 *
E E 700 ;5 5/ (D(0)
4 =600 = 'R0
] 3 X =
x,(1P) 3 %, (IP) 3500 .
B B 600
s = s x =)
E —400 —
0: cc 0;)2};* Eolc 0 cc(1=0)  cc+DD (I=0) DD’ (I=0)
NS
JY o

Lee, DeTar, Mohler, Na, arXiv:1411.1389
Prelovsek, Leskovec, PRL 2013
@ Studies with two-meson operators : First hint for a candidate
@ Both calculations neglects charm annihilation
o Observed only when both ¢c and D*D are used.

@ Vastly different systematics, yet results are similar.

[m} = =
XYZ from lattice QCD M. Pad h University of Graz, Austria. (37 of 51)




4.45

4.3

Exp. Lat. Lat. — 0%

L 1T GST) , @q)

I 10

+ w=reh q) oD
prosgpasssanses m 5];3: &

XYZ from lattice QCD

M.

(<]

No significant effects in the low
lying spectrum by the inclusion of
diquark-antidiquark operators.

[ch]g[cu]g operators related to
two-meson operators by Fierz
relations.

Makes the interpretation as a pure
tetraquark unlikely.

Simulation still unphysical in many
ways. Sizable lattice artifacts.

However, gives a qualitative
picture.

[m} = =

University of Graz, Austria. (38 of 51)



X(3872) candidate

Lat.-OMM  Lat.- 0¥ 0°° Lat.(only 0°9)

4.45
o 07"+ xa(0)o(0)
43+ 1t 1h 1
@ Without cc interpolators, signal doesn't
415 [ r Q r (1) o(-1)
- oY) _ appear.
¢ D(1) D" (-1)
= 4t o 1t i i
§ ...b.a Q - e a0 ° Both cc combinedly dete.rmme the position
w385 @ ® L D(0) D*(0) of the signal for the candidate.
a7l 1L 11 i 9 No significant effects on the levels
identified as J/vw or nc(1)o(—1).
3.55 1t 1h 1
0] [ 0]
3.4
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X(3872) candidate

m —n
850 ‘ X(3872) s.a.

790+ 1
770

sr0] ¢ ¢ o j

0 Mx(3872) " Mp—Mp=*

ol . + + th [I] ]

20}

-30

Exp. Llat. Lat-0™ [17] [18]

Lat. & Lat. - O* : This work

[17]: Prelovsek and Leskovec,
PRL 111, 192001

[18]: Lee, et al., arXiv:1411.1389

XYZ from lattice QCD M. Padmanath

¢ for levels 2 and 5 using Liischer's
formulae :

p.cot(5(p)) = 22nle)

Phase shift near threshold interpolated
using effective range approximation
p.cot(6(p)) = ;—0 + 3rop’.

Large negative scattering length,

ao = —1.7(4)fm, agrees with a shallow
bound state.

Infinite volume bound state position from
pole in the resulting scattering matrix.

No significant effects from O*.
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ais Exp. Lat. Lat. — 0% @ All levels identified with various
' scattering levels.
43f 1T 1T ] iy :
5] ® ‘“8; H; o No additional candidate observed.
Xco!
o e @ ealot® ) o No ch for X(3872
L@t 1 S0 @ No charge partner for ( )
/\{J 0
4t 1t 1t Jreen observed.

E, [GeV]

§M...J,Lv<o_) p(0) _ _
{D(0) D*(0) o Simulation assumes m, = my.
Popular interpretations based on

isospin breaking. Simulations with
m, # my required for confirmation.

XYZ from lattice QCD
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4.45

4.3

4.15

E, [GeV]

Expt. Lat.

Lat. — 0*d

o All levels identified with various
scattering levels.

) 6(-1)

00D ) o Candidates for y.1 and X(3872)
JN(0) 0(0) observed. No additional candidate

XYZ from lattice QCD

M. Padmanath

Ds(0) Ds*(0) observed.

o No effect observed with the
inclusion of diquark-antidiquark
operators.

o No candidate for Y(4140) in 17+,

University of Graz, Austria. (42 of 51)



Fierz relations

9 [2g]g[cqlg and two-meson operators are linearly related.

O%(x) =Y Fi Mi(x) Mj(x)
o After appropriate Fierz rearrangement

0% = [ Cy5 T@g[e %C ulg + [ Cvi Tlglc 15C ulg

—1)¢
—+ (s w)@ i o) — @)@ s o)
+ (F ")V"JS w)(i YiYv (')‘zgéu (8 ViV “)(U 7”7'5 ")li;ﬁu}

—1)¢
4+ 2) { (@)@ ys u) + (C s ) (T w)

Mesons
— (@97 (@ v s Wlige — € 0P )@ Taprivs )liziacs}
where G could be 3. or 6.
@ Any gauge-covariant quark smearing preserves this

relation.

o Large N : S. Weinberg

[m} = =
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Conclusions

o Dynamical study of 17" channel with diquark-antidiquark operators looking
for possible exotic candidates.

@ Diquark-antidiquark operators are found to have negligible significant effects
on the low lying spectrum (for all three channels).

o A candidate for X(3872) found below the lattice D*D non-interacting level.

o Amplitude analysis within elastic approximation for D*D scattering;
a bound state immediately below the D*D threshold.

@ No additional candidates observed hinting an exotic signal.

@ Outlook : Rigorous calculations involving coupled channel effects.
@ Outlook : Calculations on larger lattice volumes.

@ Outlook : Simulations with m, # my for isospin breaking effects.
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H dibaryon

o Bound six quark system with S = -2, | =0,
JP =0% : R. L. Jaffe, PRL 38, (1977) 195.

o K. Nakazawa et al., KEK-E176 & E373
Collaboration
Nagara Event, Mikage event, Demachiyanagi event,
Hida event.

o C. J. Yoon et al., KEK-PS E522 Collaboration
o Plethora of theoretical studies, no conclusions yet.

o NPLQCD (PRL 2011) : B.E. = 16MeV.
HALQCD (PRL 2011) : B.E. =30 — 40MeV.
Unphysical quark masses.

@ Recent calculations at physical quark masses
See Lattice 2016 talks by HALQCD.
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Technical details

©

MILC lattices with Nf =2 4+ 1 4+ 1 dynamical HISQ fermions.
Three ensembles : 243, 323 and 483.

(<]

Physical volume ~ 2.9fm.

(<]

Overlap formulation, with wall sources, for valence quarks.

©

Light quark masses as low as physical light quark masses.

(<]

Tuned strange and charm quark masses.

o A = s(uld) and Op_p = AT CsA.

XYZ from lattice QCD M. Padmanath University of Graz, Austria. (47 of 51)



Very preliminary

N—e— A —o—

150 q 150 q
100 q 100 q

50 1 50 1

: 4
g o S oo | *

-50 | g q -50 | q
-100 % 1 -100 | 1
-150 q -150 q
-200 L L . -200 L L .

0.01 0.03 0.05 0.07 0.1 0.01 0.03 0.05 0.07 0.1
Mq Mq

N. Mathur, M. P. and S. Pavaskar

(=] = = Q>




Distillation on MILC lattices : preliminary

n2stly, gPC 1=0 =0 1:17 1=0 =0
@ vb i, bd; bu, bd bs; bs be; Be

1155 0—+ Ne(15) m(15) D DF B B? BF

138, 1= J/p(1S) Y(1S) D* DF B* B

1P 1+ he(1P) ny(1P) Dy(2420) D,1(2536)F B, (5721) B1(5830)0

13p ot Xco(1P) xto(1P) Dj(2400) Dio(2317)=

13 1+ Xe1(1P) Xoa (LP) Dy(2430) | Ds1(2460)*F

13p, o++ Xc2(1P) Xb2(1P) D%(2460) Dty (2573)F B3(5747) Bi5(5840)0

13Dy 1— ¥ (3770) D, (2860)*F

13D;  3— D,(2860)*

215, 0+ n:(25) m(28) D(2550)

235, 1= $(25) Y(25) Dy, (2700)*F PPG

21p 1= hy(2P)

93Py Ot 1tk ok Xc0,2(2P) | Xpo,1,2(2P)

33Py s O 1t o+t xb(3P)
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Distillation on MILC lattices : preliminary

200! ° $
.t

1500/ jo

1000} °$

M. P. and N. Mathur
XYZ from lattice QCD
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p meson by HSC

(o)
5/ 180 b - - - -l
150 |-
120 |-
xr P = [000]
P = [001]
60 - P =[011]
P =[111]
30+ P = [002]
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