Doubly charm tetraquark in DD* scattering from
lattice QCD

M. Padmanath

Mainz, Germany

@ ICHEP 2022, Bologna
09" September, 2022

with S. Prelovsek. Based on article 2202.10110 [Phys.Rev.Lett.]



The motivation, T2
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% The doubly charmed tetraquark T2, / = 0 and favours JP =1+,

€ No states observed in D°D+7t: eliminates possibility of / = 1.
Much likely a molecular D°D** state.

€ Near-threshold state: Demands pole identification to confirm existence.

-]

Several phenomenological predictions exists.

¢ Only two previous lattice investigations in this regard: HSC 2017, ILGTI 2018.
No scattering amplitude determination involved.
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Summary of the work

¢ Extract the near-threshold DD* isoscalar s-wave scattering amplitude.

€ Lattice QCD ensembles : CLS Consortium
m,; ~ 280 MeV, mx ~ 467 MeV, a ~ 0.086 fm
Spatial volumes: L ~ 2 fm and L ~ 2.7 fm
Charm quark masses (m}): mp ~ 1762 MeV and 1927 MeV

€ We see a shallow virtual bound state related to T..

02 dm = mys — (mp++ +mpo)
3 =Epy
8 o [mp [MeV][smr,, [MeV] T, Sm=EenEey
% /ﬁ( / lat. mW} 1927(1) | -9.9*3% virtual bound st.
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€ For m, > mP"s, one expects weaker attraction and T is expected to
become a virtual bound state. M., < m,
At m, ~ 280 MeV, we indeed find a shallow virtual bound state.

€& With increasing m.,
Mieq o< mc
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dm| of the virtual bound state becomes small.

Epp+ = mp + mps»



Virtual bound states

ImE
E plane

-’
< Sheet T

Resonance

pole @D

€ T o (pcotdy — ip)~1. Bound state is a pole in T with p = i|p|.
Virtual bound state is a pole in T with p = —i|p|.

€¢ An example for virtual bound state: spin-singlet dineutron.
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Hadron spectroscopy using lattice QCD

¢ Compute a matrices of two point correlation functions

Cii(t) = (0105(1)0:(0)[0) = 32, Zyi—eEn)

2E,

where 0;(0) and O;(t) are the desired interpolating operators.

€ O can have any form that has the desired q. #s and
can in principle couple with all the states that have these q. #s.

0.4

¢ C(t) is Hermitian by construction. 038 ¢
= 0.36
+ 034 ¢ E1,E2 ..
$¢ Diagonalize: = o i
The physical states represented by the = , fa .
eigensystem_ §n 0.28 :'ff,',','ffff,','ff,'fff,'fff,,',',i'fj'ff,é’,{ff:3’,',',;',',',{,',',',',
C. Michael (1985) 0.26
0.24
2 4 6 8 10 12 14

¢ Finite volume spectrum from non-linear fits to the large time behaviour of
eigenvalues. A\, (t) ~ e Frt(1+ O(e 9F)).
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Interpolators and Wick contractions

$¢ For doubly charmed four quark systems near DD* threshold,
we use ‘only’ operators of type (gl1¢)1.(g'T2¢)1,.

¢ Wick contractions to compute: [c, ¢, ¢']

cu

cd

ca

cd
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Reduced lattice symmetries

0(3)

JPC M
Oi

J=0123,..
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Moving frames: Additional info from lattice
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Finite volume spectrum
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Resonances in the infinite volume continuum

Scattering cross sections, phase shifts, branch cuts, Riemann sheets.
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Schematic picture for illustration. Do not take it quantitatively.
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Resonances on the lattice (elastic) : ?7?

Discrete spectrum: No branch cuts, no Riemann sheets, no resonances!

A
3n/4 6
n/2 4

n/4

0 [ ] (] [ ] [ ] [ ]

Maiani-Testa no-go theorem [1990]
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Resonances on the lattice (elastic) : Liischer (1991)

Infinite volume scattering amplitudes < Finite volume spectrum

_ o

T om T T T T T Fcont 1
cm

Liischer [1991]
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Resonances on the lattice (elastic) : Liischer (1991)

Infinite volume scattering amplitudes < Finite volume spectrum

Different inertial frames can be utilized to extract more information
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Resonances on the lattice (elastic) : Liischer (1991)

Infinite volume scattering amplitudes < Finite volume spectrum

g
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Multiple physical volumes can also be utilized to extract more information.

For generalizations of Liischer framework, c.f. Bricefio, Hansen 2014-15
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Revisiting the finite volume spectrum
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What do we learn till now?

¢ The inelastic threshold D*D* is sufficiently high.
Assume elastic scattering near DD* threshold.

¢ At m, ~ 280 MeV, lowest three particle threshold DD=
is higher up the lowest two particle inelastic threshold.

€¢ Clear signatures for shifts from non-interacting scenario
in s-wave and p-wave scattering.

¢ Lowest level with explicit / = 2 contribution consistent with
the non-interacting level.

€ Safe to assume no effects from [ > 2.
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Scattering amplitude and the parametrization

€ Scattering amplitude:

4p

S=1+i
Ecm

t

<¢ For the DD* system [total spin equals 1], and assuming only / < 2,
we have a 3 x 3 diagonal t matrix.
2(f(l(~7))—1 2p

(J)y—1 _
t = 5T )
( ! ) Ec1np21 Eem

(RVI’(J))—I _ p2l+1 cot 51(J>

€ Using an effective range expansion near-threshold, we have

(1) 2
1 To P 0 0 J=1 =0
e 2
(V]
f{_l _ 1 rime
= 0 o+ s 0 J=0 I=1
ay
0 0

1
—57 J=2 =1
pg

¢ Constraint on bound states:
20+1

P leot(6) = —1°p%/—p

a = 1(2) for a real (virtual) bound state.
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Virtual bound states
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€ T o (pcotdy — ip)~1. Bound state is a pole in T with p = i|p|.
Virtual bound state is a pole in T with p = —i|p|.

€¢ An example for virtual bound state: spin-singlet dineutron.
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DD* scattering in s-wave @ mgh)
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+ /g refers to positive parity, -/u refers to negative parity.

Tee from DD* scattering from lattice QCD M. Padmanath Helmholtz Institut Mainz (14 of 23)



h)

DD* scattering in s-wave @ mg extended
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I-/g refers to positive parity, -/u refers to negative parity.
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DD* scatteringin /| =0,1 @ mgh)
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I-/g refers to positive parity, -/u refers to negative parity.
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DD* scatteringin /| =0,1 @ mgl)
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I-/g refers to positive parity, -/u refers to negative parity.
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Predicting the finite volume spectrum @ mgh)

1.05 +

1.04

1.03 A

1.02 A

Ecm/Epp*

1.01 A

DD*

1.00 A

o @

T(0) A7 (0)

0.99 -

N

Az(1) Ax(2)

Az(4)

L1fm]
Tec from DD* scattering from lattice QCD

[N

3

M. Padmanath

Helmholtz Institut Mainz (18 of 23)



Predicting the finite volume
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Our observations and inferences

€& A shallow virtual bound state pole in s-wave related to T..

[mp [MeV] l(imr,,,. []\IOV]] Tz
lat. (m~~280 MeV, m{™)| 1927(1) —-9.93%  |virtual bound st.
lat. (mz~280 MeV, mfw”) 1762(1) | —15.0(*55) |virtual bound st.
exp. 1864.85(5)| —0.36(4) bound st.

€ For m, > mﬁhys, T.c is expected to become a virtual bound state.
At m, ~ 280 MeV, we indeed find a shallow virtual bound state.

¢¢ Observations in line with the expected behaviour of a near-threshold
molecular bound state pole in simple Quantum Mechanical potentials.

Sm=E" -E,,

| Mo Mo
th.

€ M,eq(x mc) is the reduced mass of the DD* system.

% The mass of the particle exchanged during the interaction Mex (o< my/q).
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Quark mass dependence: a QuanMech understanding

R o Myeg o 1/Mey
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Summary one last time

€& First observation of a shallow virtual bound state pole
in the DD* s-wave scattering amplitude related to T.. from lattice QCD.

% With increasing m, (equivalently m, q), T is expected to be a virtual
bound state. We find evidence for a virtual bound state at m, = 280 MeV.

¢ With increasing mc, |dm| of the virtual bound state becomes small,
and is expected eventually to become a bound state.

€ The results are qualitatively robust to disretization effects for such
a near-threshold pole, where these effects are expected to be the least.

€¢ No features observed in p-wave in the energy region constrained by
the finite-volume spectrum.
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Outlook

¢ m, 4 and extended m. dependence.
€¢ The diquark-antidiquark Fock component.
€ Systematics.

$¢ Other quantum channels.
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Thank you
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Theory predictions

Reference Yeu m (M
J. Carlson, L. Heller aud J 3 1987 ~0
vestre-Brac and C. T 1993 +19 -
C. Semay and B. Silvestre-Brac 3 1994 [-1,413] ~
S. Pepin, F. Stancu, M. Genovese and —
T AL T u 196 <0 —
B. A. Gelman and . Nussinov o) 2002 5 -
J. Vijande, F. Fornandez, A. Valcarce, A. and ) 200
B. Silvestre-Brac -
D. Jane and M. Rosina D 2004 .
Nava Nieksen and §. H. Leo | 2007 —
J. Vijande, E. Weissman, A. Valcarce (T 207 .
D. Ebert, R N. Fustov, V. 0. Galkin and .
“ Licha 15\ 2007 +60 -
S, H. Leo and S. Yasui 7 +
Yang, C. Deng, J. Ping and T. Goldman 17 18 ———
G-Q. Feng, X.H. Guo and B-S. Zou 215 I .
Y. Ikeda, B. Charron, S, Aoki, T. Do, T. Hatsuda, .
T. Tnoue, N. Ishii, K. Murano, H. Nemura and 1) 2013
K. Susaki | ™
§-Q. Luo, K. Chen, X, Lin, Y.-R. Liu and S . - .
L Zhn —_—
M. Karliner and J. Rosner 2017 74121 -
E.J. mmu and C. Quigg 2007 102
Z.G. 2007 25490 -
K. Chenn,C.E. Thomas J. 1. Dulek . .
B 2017 <0
R. G. Edwards v
W. Park, S. Noh and S. H. Lee 2018 08 -
A Francis, R. J. Hudspith, R. Lewis and K. Malt- 2018 , N
wan
P. Jumarkar, N. Mathur and M. Padmanath g 2018 [~40,0] -
C. Deng, H. Chen and J. Ping 08 -
M.Z, Lin, T.-W. W, V. Pavon Valderrama, J.- .
R 2019
J. Xie and LS. Geng .
G. Yang, J. Ping and J. Sogovia i 2019 19
Y. Tan, W. Lu and J. Pi 6 2020 182 —_—
QF. Lii, D-Y. Chen and Y.-B. Dong 2 2020 +166 -
He and A. Mobapatra i 220 +72 .
le:?n D. Jia, Y.-J. Sun, Z. Zhang, W.-N. Lin M[ 2020 [-250,42] -
B. Cheng, S.Y. Li, YR Lin Z-G. S, T. Yoo (& +53 =360 D0
b, W. Park and S, H. Lee G +13 -
Fastov, V. 0. Galkin and E. M. Savchenko o7 164 b fc ]

Courtesy: Ivan Polyakov, EPS-HEP 2021

M. Padmanath Helmholtz Institut Mainz (23 of 23)



Finite-volume irreps

=(0,0,1), Dicy p=(110) Dies
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£ We investigate four inertial frames p> =0, 1, 2 and 4.

€8 DD* scattering in s-wave leads to J¥ = 1T.
Our study focus on T;7[0], A2[1], A2[2], and A,[4].

<€ Higher partial wave effects: Consider only up to / <2 and J < 2.
I=1— JP=0"/2" = As1], A[2], and A[4].
=2 = JP =17 = Ay[1], A>[2], and A;[4] and also introduce mixing.
I=2— JPF=2" = A2

+ /g refers to positive parity, -/u refers to negative parity.
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Irreps and interpolators

P LG AP J¥ l interpolators: M (%) Ma(ps?)
(0,0,0) Oy T 1t 0,2 |D(0)D*(0), D(1)D*(1) 2], D*(0)D*(0)
(0,0,0) On Ay 0" 1 D(1)D*(1)

(0,0,1)2% Diey Az| 07,1%,27 {0,1,2 D(0)D*(1), D(1)D*(0)
(1,1,00%" Dicz A2|07,17,27,27/0,1,2| D(0)D (2) D(1)D*(1) [2], D(2)D*(1)
(0,0,2)2% Diey A2| 07,1%,27 [0,1,2 D(1)D*(1)

€& We assume contributions from / > 2 to be negligible.
I =1 — JP =0 are constrained also considering A7 [0].

€ For the rest frame, P = 0, we utilize partial wave projection
Ok =N O s Ot sama D Vi, (RO, (RO)HSY (- Rp)
LM, Ms1,Ms2 RcO
€ For the moving frames, P =+ 0, we utilize character projection
> rerc XM (R) R D(p1)Dj(p2) R~

Prelovsek et al., 1607.06738
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Resonances on the lattice & Luscher’s prescription

€¢ On a finite volume Euclidean lattice : Discrete energy spectrum
Maiani-Testa no-go theorem PLB245 585 (1990)
No continuum of states = No resonances, No scattering

€ Non-interacting two-hadron levels are given by E(L) = \/m? + 52 + /m3 + B3
where B> = 2% (ny, ny, n).

¢ Switching on the interaction makes p» ;é Z(ny, ny, n;).
The interactions induce a shift in the momentum
eg. in1D P2 = Fn+ 25(k).

€ Lischer's formula relates Liischer, NPB354 531 (1991)

finite volume level shifts < infinite volume phase shifts.

<

Qetldos B 1 (Born) — (KL (B {a))) 20101 =

Bricefio 2014
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