Tetraquark candidate Z:(3900)

from coupled-channel scattering
-- how to extract hadronic interactions? --
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Strategy: from quarks to nuclei & neutron stars

Nuclei from LQCD hadron scattering
bad S/N (~e™4) gT I'l]any thresholds
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Part |I: hadronic interactions Ly

e difficulties in baryon-baryon systems

e solution = HAL QCD method

Part Il: coupled-channel & resonances

® coupled-channel scattering from LQCD

® nature of tetraquark candidate Z(3900)



Scattering observables |

Hadronic interactions faithful to QCD S-matrix
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Energy eigenvalues \W,(L) & NBS (Nambu-Bethe-Salpeter) wave functions Yn(r)

-

\_

e Luscher’s Method

» Wh(L) --> phase shift, binding energy

Ldscher, Nucl. Phys. B354, 531 (1991).

~

J

= Serious difficulty to measure Wn(L)
In BB systems

-
e HAL QCD Method

» Pn(r) --> 2PI kernel (Y = @ + GoU @)
--> phase shift, binding energy

Ishii, Aoki, Hatsuda, PRL 99, 022001 (2007).

_Ishii et al. [HAL QCD], PLB 712, 437 (2012).




Challenge in multi-baryon system (S/N issue)

CN(t) i aoe—mNt + ale—(mN—l—’TTLw)t + ... C’NN(t) — boe—W()t ble—Wlt
— age” "NE — boe~ Vo?
(t > t7) (t > t¥)
single nucleon two nucleons
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. t* ~ A1~ 1fm ) | t~8E'=mn(L/2m)?~ 10 fm

S/N ~ \/Neont. X exp [—(mn — 3/2m,)t"] S/N ~ \/Ncont. X exp [—2(mn — 3/2m)t"]
~/ \/Nconf. X 10_2 ~ \/Nconf. X 10_32




Demonstration of plateau method by mock-up data

“Mirage in temporal correlation functions for baryon-baryon interactions in lattice QCD”
Iritani, Doi et al. [HAL QCD], JHEP10 (2016) 101.

® Normalized correlation func. R(t) for two baryons

Cpp(t)

Rt) = Cp(t)?2 bre” 2Pt 4 bae Pt f ¢peT et
T R(t)
AET(t) = log (t) — AFE
LR(E+1). t > t"

® Ground state energy AE = Wgg-2ms

-
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~1 MeV precision necessary (nuclear physics scale)

® Elastic scattering states 6E¢

OEe = 50MeV, bo/b1 = +0.1, 0 (10% contamination)

® |nelastic threshold OEi e

S8Einel = 500MeV, ci1/b1 =0.01 (1% contamination)



Demonstration of plateau method by mock-up data

“Mirage in temporal correlation functions for baryon-baryon interactions in lattice QCD”
Iritani, Doi et al. [HAL QCD], JHEP10 (2016) 101.

10% Contarhination'
from elastic states

= True ground state fort > 8 fm
with 10% contamination

Fake plateaux or “Mirage” appear
att~1fm

=== o /by =0.01, 5 /b =0.
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Actual data for == ('So) @m«=0.51GeV, L=4.3fm, a=0.09fm

--> same setup as Yamazaki et al. ('12)
Source dependence in plateau method

R(t) = Z(OlBl(fv t) B2 (Y, t)jT(t — O)|O>/CB(t)2

T,y
R(t
_ . AEeff(t):log[ ) ] — AE
smeared src. NR ==('S,) | R(t + 1) t>t*
wall src. NR ==('S,) | A
A
6Einel
~ 500MeV $ OEc ~ 50MeV
V¢ Ak

= True ground state is to

appear att > t* (t*~8 fm)

® Data at t~1fm is too early to identify ground state energy
® Both “plateaux” can be fake!



New method to diagnose LQCD data in plateau method
-- “Sanity check” with Luscher’s finite volume formula --

Iritani et al. [HAL QCD], arXiv:1703.07210.

3 see also talk by Aoki (Thur.)
1. extract k cot d(k) through Liischer’s formula

N . 1)
® | (ischer’s finite V formula

» energy AE --> momentum k --> k cot d(k)
1 1 Yr(r > R)
k cot o(k) = L Z 2 — (kL/2m)2 => phase shift d(k)

NN(’S, ) finite .

e Effective range expansion (ERE)

11,
kCOt(S(k):—+§rek + ...
- ¢ y

e An example of w/ LUscher’s formula (dotted lines)
for bound state problem

o |f the energy is extracted correctly, all data should be
alined on ERE line at low-energy




“Sanity check” for all existing data

An exotic example Iritani et al. [HAL QCD], arXiv:1703.07210.
: I
1 1 0
kCOté(k):—+—rek + ...
a 2 )

i) inconsistent ERE for k<0 and for k?>0

(
(i) singular parameterizations — 17 ™~ =00
(ii

) unphysical residue at pole position

= indicate the problem in LQCD data

(k/m.)°

(i) inconsistent ERE, (iii) unphysical residue (i) singular behavior



Summary table (fake plateaux & sanity checks)

Iritani et al. [HAL QCD], arXiv:1703.07210.
+ update [NPL2013 (3S1), No --> 7]

At least single “No” implies the result is “Mirage” in temporal correlator
( No data has passed these tests so far)

A‘\‘v .'\r( 1 ..S'U } 4’ r*\"(:ss.g] )
Data Source Sanity check Source Sanity check

independence (i) (ii) (1ii) independence (1) (ii) (ii1)

YKU2011 [23] : No| No f ! No

YIKU2012 [24] ! No No | No

YIKU2015 [25] | No t
.i.

NPL2012 [26] ' No
NPL2013 [27, 28] ' No
NPL2015 [29] ' . t

CalLat2017 [30]

TABLE IV. A summary of sanity checks (i) consistency between ERE 2., g and ERE.2 . , (ii)
non-singular ERE parameters and (iii) physical residue for the bound state pole. together with
the source independence of AFE. Here “No” means that the source independency/sanity check has
failed, while the symbol 1 implies there is none or only insufficient study on the corresponding

item. “Blank” implies that obvious contradiction is not found within the error bars, while it does

see talk by Aoki
(Thur.)

not necessarily guarantee that the data are reliable. See appendix B for the meaning of the symbo

7?7 on the Sanity check for NPL2013 and CalLat2017.



A solution: HAL QCD method -- potential as a representation of S-matrix --

® The scattering states do exist, and we cannot avoid contaminations

¢ We should tame the scattering states A

Spacial correlation (NBS wave function)

= Y (7) = (0|B1(Z) B2(y)|Wh) SEinei |

n(r < R) (> R) ——¢ac

=> LUscher’s method

‘e HAL QCD Method
» Pn(r) --> 2Pl kernel (B = @ + Go U P) --> S-matrix
(phase shift, binding energy, ...)

Ishii, Aoki, Hatsuda, PRL 99, 022001 (2007).
Aoki, Hatsuda, Ishii, PTP123, 89 (2010).
Ishii et al. [HAL QCD], PLB 712, 437 (2012).




A solution: HAL QCD method -- potential as a representation of S-matrix --

v' energy-independent potential U(r,r)

[ / AU (7, 7 )pn (7)) = (Epn — Hp) ¥ (7) j

SO
= All elastic states share the same potential U(r,r’) A em— NNt
/ AU (7, ) = (Eo — Ho) .—e\,be’i‘i
/dfF’U(fF’,fF") — (B, — H,) ! !— NN
v' All equations are combined into time-dependent Schrodinger-type eaq.
0 1 9
diU (7,7 )R(7,t) = | Hy | R(7,t
[/ (TR, ¢) ( Ot ' 4Amp Ot2 °> (7 ﬂ
R(’I?, t) — Aoe—(WO—ZmB)t 1 Ale—(W1—2mB)t 4.

Plateau method

HAL QCD method

Inelastic states noise noise
elastic states noise signal
necessaryt (> t¥) t*~10fm t*~1fm

S/N improved exponentially



== ('So) in HAL QCD method @mn=0.51GeV, L=4.3fm, a=0.09fm

source dependence of R{(r,t) U(7,7) = [Vio(¥) + VNLo(F)VZ---] §(
('Sy) t=10-16, L =48 : . . A . .

| I Vio(r) from wall & smeared |

a
|
|

| Viee(r) from wall src.

/ smeared src.

8. Y
vr/ 77N
'.. '/"\.

wave func.

wall src.

finite V calc.

= Fate of fake plateaux Infinite V calc.

N
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VeffLO
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Vio+ Vo

N
o
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true plateau |
~10fm No ==('So) bound state

~1fm ¥ smeared src. 0.1 0.2 0.3 0.4
A L 2
40 60 80 100 (k/my)

tla) | see talk by Iritani (Thur.)

—_—

phase shift 6 [deg.]
@)

o

@ wall src.
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® Particle data group

Hadron resonances

http://www-pdg.lbl.gov/
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® Most hadrons are consistent with gqqg / qg®2” quantum number (non-trivial)

® Only 10% is stable, others are unstable (resonances)

® To establish exotic resonances is important issue in hadron physics

(Challenge in LQCD simulations)



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

Tetraquark candidate Z:(3900)

® Expt. observations BESIII Coll., PRL110 (2013).  Belle Coll., PRL110 (2013).
+ T % 1oo§ . t: " 70% ‘} .
€ Y (4260) .’ L 3 80 e:..\( # | :E ', ﬂ i
€ C(3‘90() ) /w .\g 405: . Wﬂiﬁ~ﬁ 2 30? oo S 4“'
:>: 20';' " + L% ?2 .,.':

p—— —— -
0 D W “F 3 o - | oy :\"' e Tl B B e

¢ et + e -->Y(4260) --> 11 + Z:(3900) LT T e
3.7 3.8 3.9 4.0 37 38 39 B 41 42
= 1+ J /P Mpax(m2J/y) (GeV/c?) My ax(RI/y) (GeV/c?)

e peak in t*/-J/P invariant mass (minimal quark content ccPa" udba <--> tetraquark candidate)
e M ~ 3900, ' ~ 60 MeV (Breit-Wigner) --> just above DP2'D* threshold

(JP=1* <--> couple to s-wave meson-meson continuum)

% structure of Z:(3900) studied by models

tetraquark J/P + 1 atom DP2'D* molecule DPaD* threshold effect
3@) % ©, > @/ ¥

Maiani et al.(‘13) Voloshin(‘08) Nieves et al.(‘11) + many others Chen et al.("14), Swanson(‘15)



How to study Z:(3900) on the lattice?

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

(0| ®[ceud](T)|W,,) = e WnT

¢ .
. ® .
) | #

At b 00 |
. 0@ 0
Dbal’D* O
v No positive evidence for Z(3900) in JPC=1+" Q-arrane
variational method o P
S. Prelovsek et al., PLB 727 (2013), PRD91 (2015). /P -©
S.-H. Lee et al., PoS Lattice2014 (2014).
see also DP¥'D* single channel calc. Y. Chen et al., PRD89 (2014). )

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

= resonance search in manifest coupled-channel necessary
( To understand expt. signals for exotics from QCD is very challenging )



How to search for resonances on the lattice

% Resonance energy is NOT eigen-energy Wn (0|®[ceud](7)|W,,) = e~ WrT

S(W) « S-matrix from HAL QCD method

» NBS wave func. {(r) --> “potential” --> infinite V calc. --> S(W)

Analyticity of S-matrix is uniquely determined (S-matrix theory) J

bound state (1st sheet)

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

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

resonance (2nd sheet)

-
_____
-
-
.—

1étsheet

® analytic continuation onto 2nd sheet
® pole position --> resonance energy
® residue --> coupling to scat. state, partial decay

; ®
2nd shec?t resonance




Coupled-channel HAL QCD method

4 measure not only temporal but also spatial correlation

| Z(OW?(f 7, t) % (£, t) T T(0)]0) = \/ZfZgZAnTPZ(’F o~ Wt

/@
@
’ Ishii, Aoki, Hatsuda, PRL99, 02201 (2007).
@ Aoki, Hatsuda, Ishii, PTP123, 89 (2010).

Ishii et al. (HAL QCD), PLB712, 437(2012).

% spatial correlation --> identify channel wave function

[(V2 + (E3)2)¢3(F) =2u° ) / di'U* (7, 7 )by, (7 )j

% coupled-channel potential U2(r,r’): &®®, ch3

U2°(r,r’) is faithful to coupled-channel S-matrix

U2°(r,r’) is energy independent (until new threshold opens) U2x2)
Non-relativistic approximation is not necessary |
U2°(r,r’) contains all 2PI contributions ‘eg‘ ch1

= derive potential from time-dependent HAL QCD method
Full details., Aoki et al. (HAL QCD). PRD87. 034512 (2013): Proc. Jpn. Acad.. Ser. B, 87 (2011).

%¢® ch?




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

-- id/P - pnc - DPD* coupled-channel --
Y. lkeda et al.. [HAL QCD]. PRL117, 242001 (2016).

% N=2+1 full QCD L = 2.9fm

Z:(3900) !

® |wasaki gauge

DD* ® clover Wilson quark
® 323 x 64 lattice
4 a ~ 0.09fm
Plle % Tsukuba-type Relativistic Heavy Quark (charm)
® remove leading cutoff errors O((mc a)"), O(Aacp a), ...
= \We are left with O((a/\acp)?) syst. error (~ a few %)
—nJ /¢
—
charm meson mass (MeV)
Mne= 2988(1), 3005(1), 3024(1)
light meson mass (MeV) mup= 3097(1), 3118(1), 3143(1)
mr= 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)
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* m=410MeV — )— Dbarp*

® mM=570MeV —Q—
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3Xx3 potential matrix (

@\/Pnc-DbarD*

@ \/J/-DbarD*

| £
! -
!
| .
A
’ i
t L
|
|
|
r e
|
|

00 05 10 15 20 25

* m=410MeV — )—

® m=570MeV —Q—
® m=700MeV —@—

e strong \/mJ/¥.DbarD* & \/pnc,DbarD®

= charm quark exchange process
L ————.,



Structure of Z¢(3900)

studied by the most ideal scattering process

e S-wave rJ/Y - pnc - DP4'D* coupled-channel scattering

= Z:(3900) is observed in ntd/P --> 2-body scattering is the most ideal reaction

1. invariant mass distribution of 2-body scattering

7T 7T

# of scat. particles proportional to imaginary part of amplitude . o
Nge x (flux) : (W) o< Imf(W) : ¢’
J/¢ J/¢

2. pole position of S-matrix

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

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



Invariant mass of rid/ 2-body scattering

002 —
e (full 3x3 cbalc.) S _ame ®* m=410MeV

| AC,

:f"J’“"x10(w/o i
E
S 001 |
E

3.9 3.6 Sl 3.8 3.9 4.2

W (GeV)

v Enhancement just above DP?'D* threshold

= effect of strong V™/¥: BbarD™ (50K - Y/, Doard—()

® line shape not Breit-Wigner

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



Pole of S-matrix (nd/Y :2nd, pnc :2nd, DPaD*:2nd)

A Im|z]

pole of S-matrix &jmw Do g Mo Mo e /;.

i [1st, 1st, 1st] ,': E :I ZC(?’QOO) RG[Z]
9 ) D ', ..' " ... " .
I Jond, 1st, 1st] Ry .
K - Af Zc is resghance...

/[2nd, 2nd, 1st]

/ [2nd, 2nd, 2nd] @ ’
/Y threshold actual pole position

pNc threshold
DbParD* threshold

........
ey

......

) R

3750 ~—
Relz] (Scattering energy) [M4OOO -200 \((\\’L\%\
eV]

® Pole corresponding to “virtual state”
® Pole contribution to scat. observables is small (far from scat. axis)

¢ Z.(3900) is not a resonance but “threshold cusp” induced by strong Vm/¥,Dbarb*




Comparison with expt. data:

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

BESIII Coll., PRL112, 022001, (2014).
Wang (BESIII Coll.), MENU2016 talk

B w+

BESIII Coll., PRL110, 252001, (2013). 30 lf t p 14 i

Belle Coll., PRL110, 252002, (2013). ;: TL ' ‘;
N BESII x*Jhy —=— | = '4’4"?'4'
g e | e
> JY l 385 390 395 400 405 4.10
£ + ] I Mpparp- (GeV)
g - + o L T’; ]
Pl b R T
AR Y T =
s 1 4 t AL Y (4260) .- 1w, D ‘)

Pe S . ‘ U, '¢'
32 3.4 36 3.8 4.0 .7 *
Z o J /v, D

M5, (GeV) C ( 3 9 00)



Y(4260) --> rrd/P & nDPaD*

dly nyr = (27)*6 (W3 — Ex(Pr) — E¢(d5))d°p=d’qs | Ty - nt§ (Prey G5 W3)|2J

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

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

Y. lkeda [HAL QCD] arXiv:1706.07300.

. This study M-
= | BESIHIx'Jhy —o—
8§ e Expt. data well reproduced by 2 parameters
§
(P _
s Re (D)
= Rt R 7 J /(D D*)
‘ | | L Y (4260)% ¢
3.2 3.4 3.6 3.8 4.0 N o’
M..gn, (GeV) J/p(D*)
This s:tudy ‘

= BESIII double D-tag ~—o—

% e Without off-diagonal V™/¥: DbaD™ (qashed curves),
2 peak structures are not reproduced.

)

o

g i >

- =

S : .

= - =]

2 | P conclusion: Z:(3900) is threshold cusp

| ,5;’+ 4 4 - =S Ay
385 390 395 400 405  4.10 caused by strong v/, DbarD*

Mgparg. (GeV)



Summary

* “Mirages” in temporal correlation functions

® Fake plateaux can always appear due to contaminations from unavoidable
scattering states

® One has to take data at t~10fm (at least the variational method mandatory)
Iritani, Doi et al. [HAL QCD], JHEP10 (2016) 101.

% HAL QCD method Iritani et al. [HAL QCD], arXiv:1703.07210.

® All scattering states share the same 2PI kernel (= solution for “fake plateau” problem)
e Crucial for coupled-channel scatterings

o Tetraquark candidate Z.(3900)
® 7:(3900) is threshold cusp induced by strong \Vbrab", n/w

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

DbarD*, rid/
- no peak structure w/o VZoar=" T keda et al. [HAL QCD], PRL117, 242001 (2016).
lkeda [HAL QCD], arXiv:170607300.

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



Thank you for your attention!



“Potential” as representation of S-matrix

e NBS wave func. in interacting region --> half-off-shell T-matrix

(V2 + R2)ou(7) = 2uKn(®) (7] < B))

e Energy-independent potential (faithful to phase shift)
4 )

. " inelastic: Win
U, 7)= ) Kn(P)n(7)
n<Wih elastic threshold
\_ ) - ) reeeaeaeaaa.
w U(r,r') contains all 2PI contribution above Win: coupled-channel analysis

® “Potential” becomes a kernel of Schrédinger-type equation
4
(V2 + B2 )b (7) = 21 / 47U (7, 7 ), (7)

Ishii, Aoki, Hatsuda, PRL99, 02201 (2007).
Aoki, Hatsuda, Ishii, PTP123, 89 (2010).

~
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HAL QCD & Luscher’s methods

o[°]

|=2 mr1r S-wave phase shift from HAL QCD & Lischer’s methods

-20

|

-10 |
12 t
14 |
-16
-18 |

@ »® A N O
1T 7T

T. Kurth et al., JHEP 1312 (2013) 015.

|+ Quench QCD
mn ~ 940 MeV, a=0.115 fm
| VxT=(168, 243, 323, 483) x 128

e -

(276 (S +—8—i \'d . ’ B
verm, .. 1| # Luscher’s mlethod (polqts)
V=(5.51m)? —e—
1| keotd(k) = — - =
wL ey 171]2 = k2

V=(1.84 fm)® +—= -'\

— =/

0 50 100 150 200
EculMeV]

250

36?\ 350 400
" 4 HAL QCD (red band)

[=a? + V2 /2u + 82/8u| R(7, 7) = V(P R(7, 7)
I b

\

Both methods agree (theoretically identical)



Nonlocality of potentials

v Velocity expansion:

) V (7, V) = Vo () + L. 8V () + O(V?)

[ (7, 7) = V(7 V)4(F — ) (LO) (NLO)

J

Derive (effective) leading order potential in velocity expansion:

V2/2l$a

— O~ R("?a T) — eﬂ'(r)R(r T)

R(7,T) = A1e 2174 (7) + Ase ™ 2W2Tahy (7) + - - -

v Check of nonlocality (energy-independent local potential is good approximation?)

Vet (F) 1 (7) = (ZM = f ) (7)
Vst (7) 2 (7) = (ZH | f )2 (7)

v' nonlocality --> energy-dependence of local potential

= Local potential shows time-slice dependence



DPa"D* potential (single-channel)

e DbarD* : [nelastic channel DbarD* = 3959
A
0 | A = 451
|  Z
s -100 ¢ mwJ/¥ = 3508
2 |  —
1 ] e S
e e | 241 ground state
S .300 ph—2 ‘
> ﬁ ‘ =11 _ .
400 | : }:23 e 4 :_ : ’---.---- D) D*(0)
i - 14 -~ o
[| o 15 . - | 8 o .
-500 “— A ion g g o e iioge G g g 3R S gy e T S
0.0 0.5 1.0 1.5 2.0 2.5 16 S, Prelovsek, Lat2014.

5 10 5 20 25
t

* Time-slice dependence indicates
= coupling to lower channels (large contribution from mJ/yp and/or pnc¢)
= single channel D*a'D* potential NOT well defined

= coupled-channel analysis Is necessary



t-dependence on potential matrix

5 -w: o T | check of non-locality of potential (ms=410MeV)
s e VpParp+.pP2arp | _ . "
g 0 - e all VY15 gre consistent within stat. errors
EZ) 0 =11 = non-locality of potential is weak
T | E ]

r [fm)]
0 ' =T i me
(') vf"](. D“'D' 12 : 0 A5 --45 ;uﬂqugll e i
400 13 : e LU
< 14 { i |
1 - i S 3 {
2 300 ) 1 2 7% :
> | | § ® Vone-pne
S 200 oV bar.. | ¢ i
b . pnc-D-°'D* | % |
g 100} % f R t=11 ‘
s | ! > 12 E
| -400 | 13 i
M- P7) 14 |
ot 2V 1 L e ]
00 05 10 15 20 25
r [fm]
500 " e ' t=11 | ~ |
(d) V' e 12 ; 0 .14
. 400 13 | |
; 14 i ——— 14 H —— !
o 15 —— | 2 15 —— | 3 -100 2
= 300 { 2 300 . 2 .
= | = | & |
< | & | B s * Viuig-miiy |
(=] T ! > - 1
200 | bar g 200 | 3 :
5 ¢ V1TJ/I.|J-D D*| & ¢ VTI'J/I.|J pnc | I |
' e | . i ? . 3
el it : S _ | -400 | 13 i
0  pr— — ". 0o+ ‘Ww %i; *‘ (a) Vﬂ‘u\," aly 14 :
; : 16 —— |
.............................. ) et d ettt et bttt et .500 etk ettt e et ———t— PO
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
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Amplitudes in Ttd/P & DP2'D* (2-body scat)

¢ 1td/P invariant mass e DbaD* jnvariant mass
0.02 ——— 0.10 e
I (full 3x3 calc,) = bf’bf"o (full 3x3 calc,) —=—
F %10 (wio VDD ) 008 F 2 P (woovWHP Dy
'é\ ""A“:.“:;' ; ,E\
< DraD*; / : S 006
S 0.01 : S
= : = 004}
E : E :
PNe+ DParD*
: 0.02 |
" .
. 1
0.00 “ﬁ’F’.‘il P i 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'(Z DD*
(2e(3900) = DD") _ 94 1)(2.7)
['(Zc(3900) — wJ /1)) BESIII Coll.,, PRL112 (2014).

—

v" Obtained amplitudes consistent with decay ratio in expt.



Invariant mass spectra of nJ/P & DPaD*

®* m=410MeV — )—

¢ td/YP invariant mass e m=570MeV —Q@— | @ DPaD* jnvariant mass
® m=700MeV —@—

0.015

O |

0.01 |

0.05 |

0.005 +

Im[fyy(Wem)] (fm)
Imifparpe(We )] (fm)

v Enhancement near D*2'D* threshold due to large nJ/-D°*'D* coupling

® Peak in iJ/Y invariant mass (Not Breit-Wigner line shape)
® Threshold enhancement in DP2'D* invariant mass (cusp behavior)

(No mq dependence on qualitative behaviors of line shapes)

“ |s Zc(3900) a conventional resonance?



T-matrix of nd/P & DP2D*

e calculate residues of T-matrices in d/Pp & DP2'D* channels

S(k) = 1 + 2T (k)

o id/P-1id/P T-matrix e DbarD*-pPaD* T-matrix
0.1 ' ; T 0.2
pole pole
= DbarD* threshold
| ' 0.15 |

|TDbarD-(Wc.m.)|
o

® contribution from virtual pole to T-matrix is small
® Z.(3900) is cusp at D*¥D* threshold induced by off-diagonal /™. Pbar’



HAL QCD data in == ('Sg) -- systematics --

v’ single hadron effective mass v’ convergence of derivative expansion

- N N
o Q o

MeV] L =64

."‘Oo¢¢°o¢ﬁ:t-!!fif

phase shift & [deg.]

eff

o

¢ smeared src. =
o wall src. =

(i

o

15 20

phase shift from Vi.(r)
t  L=40
. L =48
t L=064

see talk by T. Iritani (Parallel, Hadron
Spectroscopy and Interactions on Thur.)




Sanity check for HAL QCD data

v' phase shift from Luscher’s formula shows reasonable behavior

@ finite volume energy shift
AFE; — kcot 5(]6)

at L = 40, 48, 64

” HAL QCD (eigen val.)

—
o

e potential V(r)
— phase shift o

kcot 6 /m.,
-
()

O
=

e Effective Range Expansion
kcotd = % -+ %refsz

-""| =§== phase shift from potential

~005 000 005 010 015 0.20

(k/m,)?




NLO potential in == (Sp) channel

Ve (7)] 0(7F — )

:VLO (’F) —|— VNLO (’I?)VZ} 5(’)?— T




Contamination from elastic states in == ('So) channel

HAL pot. P> eigenfunc/value ¥,,, AE, P> eigenmode decomposition
Rwall/smca.r(,r—:’ t) == Z axa_ll/smear\pn(F) exp (—AEnt)

n
LR =RE=0,0)= Y RFi) = ) /e 2k
r n

ex. 1st excited state “contamination” of excited states bn/bo
o0 U =t . L :
<+ 10" {m

| )
401‘
107=

e wall source
b1/bo <1%

e smeared source'
bl/bo ~ —10 %

(*So) L

p— p—
o p—
—— —
-—
==

I
W

@ with energy gap
E1 — Eo ~ 50 MeV
for L3 = 483

"unfilled symbols:b, /by < 0 e 5Y0 100 150 200 250
AE, [MeV]

¢ wall src.
® smeared src. |

)bn/b()’ fOr




Fate of “fake plateau” in == (Sp) channel

1=

() [IMevVl] 'S, L

o wall src.
8 smeared src.

A I'.--‘ I
|

true plateau
~10fm
ll—

T
e

=9 8 81 &2 8 &
H
F3 —

vwall src.
SsMmeared src.




Sink operator dependence in == ('So) channel

R(t) = Zg("?) Z(OIBl(fo—F 7, t)B2(Z,1)J " (t = 0)|0)/Cp(t)*

Smeared source Wall source

D smeared src. Z=('S,) (gl O wall src. E=('S,) (gl
® smearedsrc. gir)=1+0.3exp{ —0.18 | @ wall src. gi»
@® smearedsrc. gir) =1 -0 Jexpl ~ .20 @ wall src. gir

=

@ smearedsrc. gr) =1 -0 9expl - 0.22) « @ wall src. gir
- -

dé

Pt

Smeared source is very sensitive to the choice of sink operators.
On the other hand, wall source is insensitive.







On the comment on “sanity check” by NPLQCD

NPL2017C  Comment on “Are two nucleons bound in lattice QCD for heavy quark
masses?! - Sanity check with Liischer’s finite volume formula -”

."\" .'\‘- ( . S‘(]] ..\-' "\: (J S'l }
Data Source Sanity check Source Sanity check

independence (i) (ii) | (iii) independence (i) | (ii) (iii)
NPL2013 [27,28] No | No No | No

NPL claimed that the above table in our paper
should be replaced by

NN(*5) | __NN(S))

Data Source Sanity check Source Sanity check

independence| (i) | (i) | (iii) | independence| () | (i) | (iii) |

_'.\'PL2013 127,28] Yes Passcdl Passcdl Passed| Yes | Passcd’ Passed‘ Passed

Source independence was already discussed:

x*/dof 3.70 422 2.37 2.75
significance 0.05 0.04 0.12 0.10

It is Tair to say that source independence is NOT established.

see talk by S. Aoki (Parallel, Hadron Spectroscopy and Interactions on Thur.)



On the comment on “sanity check” by NPLQCD

NPL2017C

0.2 —

0.11

0.0

-0.02 0.00
k2

1
S
ERE (NPL2013) ERE (NPL2013)
ERE (NPL2017C) ERE (NPL2017C)

o
-—h

o
o

|
-

kcotd/m;,
kcotd/my,

—
W

-0.4{
-0.10 -0.05 0.00 0.05 0.10

-0.10 -005 000 0. 1 _
(kim,)? (kim,)?

EREs look a litter better than their original EREs. Why 7
An inclusion of data in the moving frame (d=2) affect ?

see talk by S. Aoki (Parallel, Hadron Spectroscopy and Interactions on Thur.)




On the comment on “sanity check” by NPLQCD

, -~
4 U's
: e
o
N

Yata(d=0) in 201

el data (d=0) in 2013

X M . v —O 4‘
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10

(k/m,)? (k/my)?
NPL2017C ,
1Sy 28

» | e NPL2017CL =24 4
emms NPL2017CL =32

o NPL2017CL=24 |}

w— NPL2017C L

| —— NPL2017CL =48 |} / w— NPL2017CL =48 !/
' ERE (NPL2013) [ !/ : ’ ERE (NPL2013) /!

data(d=0)in 2017 Py 7>

kcotd/my,

' data/{d=0) in 2017

S

010 -0.05 000 005 010 =010 =005 000 005 0.10
(k/my)? (k/mj)?

The data have been modified without being mentioned...
= QOur assessment to original NPL2013 data is valid

see talk by S. Aoki (Parallel, Hadron Spectroscopy and Interactions on Thur.)



