Lattice QCD analysis of
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Single hadron spectroscopy from LQCD

light-quark sector
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Aoki et al. (PACS-CS), PRD81 (2010).
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Experiment

» Nr=2+1 full QCD, L~3fm
» RHQ for charm quark
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Namekawa et al. (PACS-CS), PRD84 (2011); PRD87 (2013).

v afew % accuracy already achieved for single hadrons

v LQCD now can predict undiscovered charm hadrons (=%¢c, Qccc,...)

= Next challenge in spectroscopy : hadron resonances



Hadron resonances
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* Most hadrons are consistent with gqqq / qg®2 quantum number (non-trivial)
* Only 10% is stable, others are unstable (resonances) and some can be fake..
» Understanding hadron resonances from QCD is important issue in hadron physics


http://www-pdg.lbl.gov
http://www-pdg.lbl.gov

Tetraquark candidate Z:(3900)

e’ T
® Expt. observations >,V\ L ‘7Mnd/w
Y(4260) 3-body decay o %(3900) b
» et + e --> Y(4260) --> 11 + Z:(3900)

= -+ J/P

BESII n*JAp

BESIII Coll., PRL110 (2013).
see also Belle Coll., PRL110 (2013).
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 peak in t*-J/YP invariant mass (minimal quark content cc®2” udPa <--> tetraquark?)
* M ~ 3900, ' ~ 60 MeV (Breit-Wigner, Flatte) --> just above DP2'D* threshold
« JPC=1+" is most probable <--> couple to s-wave meson-meson states



Tetraquark candidate Z:(3900)

% structure of Z:(3900) studied by models

- genuine resonance N
tetraquark J/U + 1t atom DPa'D* molecule
@ w -

Malanl et al.(‘13) Voloshin(‘08) Nieves et al.("11) + many others)

conclusion not achieved
~ Kinematical origin ~ = poor information on interactions
DbarD* threshold effect

% LQCD simulations for ZC(3900)

Chen et al.(‘14), Swanson(‘15)
\. /




Z<(3900) on the lattice

4 Conventional approach: temporal correlation
= dentify all relevant Wn(L) (n=0,1,2,3,...)

(0|[ceud](t)[cEud]T (0)]|0) = ZAne_Wnt

“ o variational method
5 Jo, P
o RS s \Q m\"l
@ Q
DbaD* —0
@ P
v No positive evidence for Z5(3900) in JF¢=1+-
@)
(observed spectrum consistent with scat. states) o o

S. Prelovsek et al., PLB 727 (2013), PRD91 (2015).
S.-H. Lee et al., PoS Lattice2014 (2014).

y

w Why is the peak observed in expt.?
» (broad) resonance? threshold effect?

¢ How can we find resonance in LQCD data?



Strategy for studies of resonances from LQCD

] cl
Mt T Ut

lattice QCD | Conventional approach
i (0|®(z)®T(0)[0) = Are V17 + Age VT 4.

(W1, Wo, ... are eigen-energies)

e.g., 4-quark operator
®(x) = q(z)q(x)q(x)q(x) %!

\\ | '/,-’
- hadron resonances

% Resonance energy does NOT correspond to eigen-energy
% Resonances are embedded into coupled-channel scattering states
= Resonance energy is determined from pole of coupled-channel S-matrix



Strategy for studies of resonances from LQCD

lattice QCD ( Resonance search through scattering observable )

hadron interactions
(faithful to S-matrix)

AAAAAAA

scattering theory

contents

 hadron interactions & HAL QCD method
e strategy to find resonance pole

« coupled-channel scattering hadron resonances
e LQCD results about Z:(3900)

e summary



Hadronic interactions from LQCD |

hadronic correlation function

4 — )
C(2) (7?9 t) = <O|¢1 (7?9 t)¢2 (Oa t)jT (t — O)|O>

— Z An¢n(F e_Wnt

v

* Energy eigenvalue Wy(L)
* NBS (Nambu-Bethe-Salpeter) wave function yn(r)

)&l

T <

(outside interactions)
[ Wn(r) --> sin(knr + 6(kn)) / Knr ]

C.D. Lee et al., NPB619 (2001).

~— Finite Volume Method —

Luscher’s finite volume formula
» Wh(L) -------- > phase shift
A A |
Liischer’s formula ki cot 0(kp) = 73 Z 2 — k2
_ Lischer, Nucl. Phys. B354, 531 (1991). mez3 & m "

Wn:\/m%+kg+\/m§+kg



Hadronic interactions from LQCD |

hadronic correlation function

4 — )
C(z) (7?9 t) = <O|¢1 (7?9 t)¢2 (09 t)jT (t — O)|O>

— Z An¢n(F e_Wnt

v

* Energy eigenvalue Wy(L)

* NBS (Nambu-Bethe-Salpeter) wave function (n(r)

» Wh(L) -------- > phase shift

Luscher’s formula
Lischer, Nucl. Phys. B354, 531 (1991).

\_

~— Finite Volume Method —

J

)

T
/
t <
(outside interactions)
[ Wn(r) --> sin(knr + 6(kn)) / knr ]
p HAL QCD Method N

» Yn(r) --> 2Pl kernel (P = ¢ + Go U ¢)

--> phase shift, binding energy, ...

Ishii, Aoki, Hatsuda, PRL 99, 022001 (2007).
Ishii et al. [HAL QCD], PLB 712, 437 (2012).
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Challenge in hadron scatterings

% Excited scattering states become noise when determining Wo
even in single-channel scatterings

C(g) (t) — bge™ t -+ ble_Wlt 4+ e — bOe— t (t > t*)

2-body system g single hadron A
D + Dbar
" P’(25)
A ~ 500MeV
5E ] J/P + T v J/P(1S)
t* ~ OE1 t* ~ A1
N Y, N Y,

% Sophisticated methods is necessary! talk by T. Doi (Thu.)
see for BB systems, Iritani, Doi et al. [HAL QCD], JHEP10 (2016) 101.



(single-channel) HAL QCD method -- potential as a representation of S-matrix --

* The scattering states do exist, and we should tame the scattering states

v define energy-independent potential U(r;r’)
4
/ AU (7, @ ) () = (Ey, — Ho) 1y (7)

U(r,7) = Z (En — Ho) ¢n(’7)%5n(77') .\(\0_

~

_ Nn<nNih ) A ch2
= All elastic states share the same potential U(r,r’) 5
I ’\
U = (EO'HO) 7 0\06‘_
U 1 = (E1-Ho) Y1 v |~ ch1

v derive U(r;,r’) from time-dependent Schrodinger-type eq.
o0 1 O?
U AU (7, 7 )R(7, 1) — ( : HO> R(F t)j

ot  4m Ot?

R(7,t) = C)(7, )/ (Cray (1))

— by e—(WO—Zm)t i blwl (F)B_(Wl_zm)t 4.



(single-channel) HAL QCD method -- potential as a representation of S-matrix --

* The scattering states do exist, and we should tame the scattering states

= time-dependent HAL QCD method

v define energy-independent potential U(r;r’)

Ishii [HAL QCD], PLB 712 (2012).

4 )
/ AU (7, 7 )on () = (Ep — Ho) thn (7) Tj .
X\
— — 06
UFT) = Y (Bn— Ho) Yn()dn(7) | 0@
\ < Tth /A ch2
= All elastic states share the same potential U(r,r’) c
U = (EO'HO) \09"\
U 1 = (E1-Ho) Y1 v |~ ch1
v derive U(r;,r’) from time-dependent Schrodinger-type eq.
o0 1 O?
dr’U (7,7 )R(7,t) = | Hy ) R(7,t
U rUm TR 1) ( at ' 4m 92 O) (7 )J
R(7,t) = b e~ (Wom2m)t L by py (P)e” (W2t 4 ...

= Scat. states are no more contamination than signal (t* ~ (Echz - Ech1)?)



How can we find resonances?

If we have complete set of expt. data,

SO (W) ‘ partial wave analysis

» cross sections (do/d€)
» spin polarization observables
) etc.

identity theorem
+
analyticity of S-matrix

Pole of S-matrix is uniquely determined «

bound state (1st sheet)

» pole position --> binding energy
» residue --> coupling to scattering state

----------------------------

resonance (2nd sheet)

» analytic continuation onto 2nd sheet

» pole position --> resonance energy

resonance » residue --> coupling to scat. state, partial decay




Strategy to search for complex poles on the lattice

Resonance pole from lattice QCD

5O (W) €016:7:06:(6,071 ¢ = 0)10)
— Z Antn (,’:»)G—Wnt

\_ Yy, ||||||

+¢* coupled-channel Liischer’s formula

g Wn(L) --> 51(Wn), 62(Wn), n(Wn)

W A §
AST(W) AS2(W) An(W)

---------------------------- Min i : g '
g &l w [ w | w

(coupled-channel scattering difficult)
> &6'(Wh), 6*(Wh), n(Whr) <-- Wa(L1) = Whn(L2) = Whn(L3)

resonance




Coupled-channel HAL QCD method

4 measure relevant NBS wave function --> channel is defined

(0l97 (% + 7, t)¢g(6v t)J1(0)|0) = \/Z¢ 24 2: Appi (7 e~ Wnt

J
@
‘® see for full details,
Q Aoki et al. (HAL QCD), PRD87 (2013); Proc. Jpn. Acad., Ser. B, 87 (2011).
% define coupled-channel potential using P3(r)
4 )
2 a2 a/=\ __ a 2 rrab/= = b /=4
(V2 + (Re)*) o) = 200 3 [ drUe (@, )9l ()
\ b y,
% coupled-channel potential Usb(r,r): % ch3
U2°(r,r’) is faithful to coupled-channel S-matrix
U2°(r,r’) is energy independent (until new threshold opens) (2x2) f
Non-relativistic approximation is not necessary
® %9 cht

U2°(r,r’) contains all 2PI contributions 9



Z+(3900) in 1G(JPC)=1+(1+)

-- id/P - pnc - DP¥D* coupled-channel --

Y. Ikeda et al.. [HAL QCD]. PRL117. 242001 (2016).

D*D*
& Ni=2+1 full QCD _ L ~29fm
* [lwasaki gauge
DD*  clover Wilson quark
« 323 x 64 lattice
$ a >~ 0.09fm
Pllc % Tsukuba-type Relativistic Heavy Quark (charm)
e remove leading cutoff errors O((m¢ a)"), O(Aacp a), ...
= \We are left with O((a\acp)?) syst. error (~ a few %)
—nJ /¢
—
charm meson mass (MeV)
Mnc= 2988(1), 3005(1), 3024(1)
light meson mass (MeV) mup= 3097(1), 3118(1), 3143(1)
mn=411(1), 572(1), 701(1) mp= 1903(1), 1947(1), 2000(1)

me= 896(8), 1000(5), 1097(4) mp-= 2056(3), 2101(2), 2159(2)



Lattice QCD setup : thresholds

~/ G |P=4+4+
Physical thresholds LQCD simulation

DbarD* = 3872 DbarD* = 3959, 4048, 4159

1wy = 3821 4
pnc = 3884, 4005, 4121
TN = 3256

v \/

wd/y = 3232 wJ/y = 3508, 3688, 3844

* My > Mp®@p- due to heavy my
e p-->T11T decay not allowed w/ L~3fm

» S-wave mJ/y - pnc - D*2'D* coupled-channel analysis



DPa"D* potential (single-channel calc.)

e DbarD* 1 nelastic channel Db2'D* = 3959
A
0 | A = 451
| v
%‘ -100 | mJ/W = 3508
S .
e~ =200 | e
= i ® | 241 ground state
S 300 | ‘
> { g t=11 _ .
-400 : }:23 - ] : : ’o--_---- D(0) D*(0)
[} 14 - -
- 15 " ‘ 1 8 "e_
Ss00 Lot T T TP e
0.0 0.5 1.0 1.5 2.0 2.5 16~ S. Prelovsek, Lat2014.

|

* Time-slice dependence indicates

= coupling to lower channels (large contribution from mJ/yp and/or pnc¢)
= single channel D*2'D* potential NOT reliable (huge non-locality)

= coupled-channel analysis Is necessary



Ve(r) (MeV)

Ve(r) (MeV)

Vc(r) (MeV)

0.0

.VDbarD*-DbarD*

0.5
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2.0 .
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* m=410MeV — )—
e M=570MeV —Q—
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S

0 Lam———————..

-100 | *
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.VDbarD*-DbarD* ‘

* m=410MeV = — )—
* M=570MeV —Q—

e Mr=700MeV —Q—J

Ve(r) (MeV)

Ve(r) (MeV)
8

-100 |,

Ve(r) (MeV)

300 .VTtJ/ll)-FtJ/lD

heavy quark spin éymmetry

g V A A
we 00 9

—————————————————————

00 05 10 15 20 25

r (fm)



* m=410MeV = — )—

* M=570MeV —Q—
e Mr=700MeV —Q—)

.Vpnc—DbarD*

* strong VmW/¥.DbarD” & \/ene,Dbarl

"» charm quark exchange process

A — o




t-dependence on potential matrix

) N e all VEN-15) gre consistent within stat. errors
S I
£ -100 . * coupled-channel simulation works well
5 200 | :
g 200 :
D- |
g ST 0 B
= .400 2 7 |
f D _ ’ ]
(c) V™0 D™D 14 ' < -100 y
15 - | 3 Py phoipe |
S00 b ) § Vch=1D v,0"0
— L4
00 05 10 15 20 25 = 200} ! :
~— F 1
r [fm] E . .
(4] - |
500 ' ' ' t=11 : ' . ' : > 001 . t=11 :
P e = ! "l i ' 12
(f) VP oD 12 | lwlwl i i
14 . {1} e : . — |
3 15 — > -100 i 500 Lo s L Swnardll
= 300 L2 : 00 05 10 15 20 25
= ' | = -200 r [fm]
E: 0 & ' barD* qj i i
] ' £ 300 |, : DPaD* single channel simulation
£ 100} % 3 t=11 '
s ; 12
0 L _‘t ’400 I 13
(b) Ve P ® o
............................. B0 b
00 05 10 15 20 25 00 05 10 15 20 25
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Structure of Z¢(3900)

studied by the most ideal scattering process

» S-wave 1J/Y - pnc - DPaD* coupled-channel scattering
= Z:(3900) is observed in rtd/YP --> 2-body scattering is the most ideal reaction

U ,‘ﬂ'
2 “" sss "\\ "\\ '&'
C 3 ! \, \‘0 o0
%900 J/w—'—=— T/

1. invariant mass spectrum of 2-body scattering

# of scat. particles proportional to imaginary part of amplitude

Nge x (flux) - (W) x Imf(W)

2. pole position of S-matrix
» analytic continuation of c.c. S-matrix onto complex energy plane
» understand nature of Z(3900)

e Results w/ mr=410MeV are shown. (weak quark mass dependence observed)



Mass spectrum of TtJ/Y e-vody scattering)

» id/P invariant mass » DP2'D* invariant mass

0.02 0.10 :
P (full 3x3 ctg!c;) —— bfr)b‘."o (full 3x3 cale,) &
%10 (wio VWD D) e 008 | 2 P (wio vWHDTDYy e
E DbarD*:,":l‘. i E 0.06 |
S 0.01 | S
= = 004 |
= = .
o ONc = DbarD*
0.02 |
0.00 “ii; RERA 0.00 ****%*% ¥.2 X x x x x
35 36 37 38 39 40 41 42 3.8 3.9 4.0 4.1 4.2
W (GeV) W (GeV)
I'(Zc(3900) — DD*
(2 ) ) = 6.2(1.1)(2.7)
['(Z¢(3900) — 7w J /1)) BESIII Coll., PRL112 (2014).

—
v Enhancement just above DP?'D* threshold
= effect of strong V™/¥: BbarD® a0k 5 i, Doard'—()

» branching fraction consistent with expt. analysis
> line shape not Breit-Wigner

v Is Z;(3900) a conventional resonance? --> pole of S-matrix



Pole of S-matrix on complex energy plane

__ 0.014 | | o .
E 0.012 + e eeeesressensssssennassserenssesesfessesensasssenans . R 5 S -
£ 0.01 | * J/P invariant mass | "
=
wt 0.006 | =
E
0.002 | - - | - -
-
(@) g
34 ' 36 3.8 " 4 4.2 4.4
: We m. (GeV)
Im|z] | |
m —;— m m m _ : .
T } J /v I, _I_ Ne mp ‘?(mD s
S Z.(3900) Re[ z]
[1st, 1st, 1st] °

Aan, 1st, 1st] . .
; R If Zc is a copiventional resonance,
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Pole of S-matrix (d/Y :2nd, pnc :2nd, DPaD*:2nd)
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* Pole corresponding to “virtual state”
* Pole contribution to scat. observable is small (far from scat. axis)

« Z:(3900) is not a resonance but “threshold cusp” induced by strong V™/¥;DbarD*




Comparison with expt. data:

-- spectrum of Y(4260) 3-body decay --

BESIII Coll., PRL112, 022001, (2014).
Wang (BESIII Coll.), MENU2016 talk
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BESIII Coll., PRL110, 252001, (2013). 1'; + * JFH"” +
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Y(4260) --> rrd/P & nDPaD*

AUy nyr = (27)*6(W3 — Ex(Pr) — E¢(d5))d°p=d’qs| Ty - nt§ (Prey Gf3 W3)|2J

v 3-body T-matrix: Ty->.(W3=4260MeV)

trns(a's @5y Prs W)
TY—>7T+f(ﬁ7T? qtf; W3) — CY_HT—I_n [fsnf + /d3q, - = )
’I’L:WJ%,DD* W3 — Eﬂ' (pﬂ') — En(q’,pw) + 2€
g ()
O' B T\P~r —
;o0 (D) ) K (D)
Y(4260) /"'¢' nJ /¢y (DD*) e . J/p(DD*)
—¢ J/¢(D*) _|_ Y(4260) "'& "': q_’f
= modeling primary vertex L ¢’ /)
(2 parameters) J/$(D*)

= t-matrix from V-CD(r)

employ physical hadron masses to compare w/ expt. data
v’ VLQCD(y) is taken into account --> calculate t-matrix for subsystem

c.f., 10+ parameters needed in models



Invariant mass of 3-body decay

lkeda [HAL QCD], J. Phys. G45, 024002 (2018).

This study m—

= | BESHI Uy —o—

g » Expt. data reproduced well by 2 parameters

§

7 (Pre) _

g R m(D)

= Rt R 7 J /(D D*)
Y (4260) ,°

This study -
BES”I double D‘tag —

 Without off-diagonal V™. DbaD™ (qashed curves),
peak structures are not reproduced.

——— —
- -— s

dI'/dMpparg. (arbitrary unit)

conclusion: Z.(3900) is threshold cusp

385 390 395 400 405 410 caused by strong y/y, DbarD*
Mgparg: (GeV)




Summary

* HAL QCD method

 NBS wave function (r) --> 2Pl kernel (p = ¢ + GoUW)

 Crucial for multi-hadrons & coupled-channel scatterings

Aoki, Hatsuda, Ishii, PTP123, 89 (2010).
Ishii et al. [HAL QCD], PLB 712, 437 (2012).
Aoki et al. (HAL QCD), PRD87, 034512 (2013).

* Tetraquark candidate Z.(3900)

« Z:(3900) is threshold cusp induced by strong VPPrarD*, nd/p

- pole position very far from scat. axis
- expt. data of Y(4260) decay well reproduced

- no peak structure w/o VPbarD*, nd/p
lkeda et al. [HAL QCD], PRL117, 242001 (2016).
Reviewed in lkeda [HAL QCD], J. Phys. G45, 024002 (2018).

¥ Future: many hadron resonances & nuclear structures at physical point



