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LHCb : Double-charm tetraquark T
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2021: Signal in D°D%7* just 0.4 MeV below D°D** threshold. * 2
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dMmpoe = —360+£4075 keV/c?,

Tpe = 48+ 279, keV

From different models expected:

L5 =BL)

Does this state exist in QCD?
- What is its mass?

- Quantum numbers?

1R. Aaij et al. (LHCb Collaboration), Nature Physics 18, 751 (2022). arXiv:2109.01038v4.
2R. Aaij et al. (LHCb Collaboration), Nature Communications 13, 3351 (2022). arXiv:2109.01056v4.



Classification of hadron states

E decay strongly
not eigenstates of QCD

strong decay threshold: m;+m, 1= H, H,

} shallow bound can not decay strongly:
states pn D D* D K

deuteron, X(3872), D,,*(2317)
states well
below threshold

Most of the hadrons are strongly decay resonances.
*They need to be inferred from scattering in the experiment and/or the lattice.



Hadrons from lattice QCD

1 Confinement
Locp =—7GLGM + Y Gi(9" +igsGLT")g — mqdq

Hadron spectrum
q=u,d,s,c,b,t

>

T, t (Minkovsky) = &, —it g (Euclidean)
Lattice QCD is a first principle numerical approach to the strong interactions

(O(z) 0(0)) = %/DADMM O(t) O(0) e~ 57 ¥, 4u)

Correlator functions: main quantity extracted for study the spectroscopy

2"><n\ — L
C2P (1) = (0[0: ()01 (0)[0) = S0[Os[m)e=Entr (n[O1[0) = 3" 202" eFot —2 s A B (ground state)
J J ‘) ~
Interpolators

Our basis of operators is chosen good enough i.e. span / —
over all possible configurations and such that our
approach reproduces the quantum numbers and

describe the energies of hadrons T

> Variational techniques
Generalized Eigenvalue Problem (GEVP)

The spectrum




Hadron states near the threshold

H, W Hy (p) L\ﬂ/ L RC(E)
Yo %[‘
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p = -i|p|
>  Scattering amplitude T(E) from the lattice QCD Riemann sheet I
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Lattice Setup

Simulation details:

» N;=2+1 CLS ensambles.

» m, ~ 280 MeV

» Spatial lattice extent Ny, = 24, 32
» a~ 0.086 fm

We employ two heavy quark masses m( for the system QQud with JP =11, [ =0:
Mg = W iy = 1.931. GeV' mps = 2,081 GeV

Mo ~ muy : mepr ~ 4.042 GeV mups» ~ 4.075 GeV

The heavier the quark mass is close the b quark mass.



_|_
TCC

1sospin-0 : M (p1)M(p>) and [cc]z, [ud]s, interpolators

» Total momenta : P =0 (irrep T;"), P =1 (irrep As)

» Color singlet Meson-Meson interpolators [tc]1, [dc]1,

OPP" (1, o) = DV (1) D" (p3) = L4 (M) ape™ ey ¥ dp(Ta)ope™ el — fu o d},  NY™ =60

Ty )

Several operators

> Diquark-antidiquark interpolators [cc|3_[ud]s,

—

O*(P) = 3 €avcca (B)(C1i) aBCB(T) €aac(F)(Cys)epdp (@)e’™™, N1 =45

» Distillation method - all quarks fields are smeared — spectral decomposition
b o ()t (A B
4@ = X o (@0 @) (@)

N, is the number of eigenvectors 10



Tct 1sospin-0 : M (p1)M(p>) and [cc]z, [ud]s, interpolators

Tensors (in distillation space) needed to compute correlators:

» MM : single meson kernel

4 (5) = ZZ""() V9 (Z

» 4q : kernel for compact tetraquark [ccls, [ud]3

c

¢3klm Z Z eabceadev(J) ) gk)(f)vgl)(f)Tng)(f)’reiﬁ*.

—

T abcede

» Costly summation over distillation indices for 4¢ =— we employ Nf,lq & Jp

11



Effective masses of the diagonal correlators, dependence on N,

E() = n o4
€ S o
Ci (t + 1) e [cc]lud], Nv4q=30
¢ [cc]ud], Nv4q=45
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Effective energies of the diagonal correlators and the GEVP ground state

D(0)D*(0)

oMM . D(1)D*(—1)|;=0 O4q 5 [CC]:_?.C ['aj]3c
D(1)D*(—1)1=2
D*(0)D*(0)

Solve the GEVP equation for \ and U
C(6)u™ (t) = A (2, o) C(to)ul™ (¢)

Where 10 is the reference time after only N lowest eigenstates signi
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DD* Scattering amplitude with only meson-meson operators

Liisher method: Relation between E and §(F)

) _ Eem 1 peot 75" = % + %"é”pQ REEHS %Zm(l’(%)z
1 ="% peoto”) —ip m® : ol =1.04(29) fm, r{" =0.96(118) fm. E=‘/m‘2’+p2 +‘/m%>*+p2
From thétice [Padmanath, Prelovsek, arXiv:2202.10110]
0.2
> thas apole when — ilpi*i= = ninf .
p=—ilpsl ipp = ppcotd(pp) , U\JQ 0.1-
atenergy  Ei.=(mb —Ipsl)/*+ (mh. — ps|)"/? ’é
which corresponds to a Virtual bound state at = |
bind. energy smr,_ = EP —mp—mp- = —9.973¢ MeV g 90 D ' —— N =32
(5mch= Re(Ecm) —Mpo—MMpx+ [MGV] o NL=24

DD* ol - ' ' -
-0.008 -0.004 0.000 0.004 0.008 0.012

(p/Epp*)?

-20 -15 —?0 -5
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DD* Scattering amplitude with only meson-meson operators

Lhc Just 8 MeV below the threshold: p3, ~—p%/4~—-107E2

Due tO One-pion-eXChange (OPE) [Padmanath, Prelovsek, arXiv:2202.10110]

0.2- -
in the u-channel. 3
" ©
Q c
Q P
’“\i 0.1 £
D — Ve, ‘§ )&%
“ °
1 0.0 -
\\ u—M2 : / —6— N, =32
7T\\ —e— N =24
D = )*

—0.1 - T . :
—-0.008 -0.004 0.000 0.004 0.008 0.012

(p/Epp*)?
Additionally, is the Tcc basis with two-mesons sufficient?

16



DD* Scattering with EFT
> The Lippmann-Schwinger equation T p— V — VgT

>  Effective potential V derived derived from EFT to parametrize DD* interaction

g )2<€'@(€’*'®]exp(_ |ﬁ|”+|ﬁ’|”)

= = o = _ £ =/ 2 = = /% 4 g = I*
V(paeaplae,)_[(2cg+263(p +p, ))(66,)+2Cg(p€)(p,€l)+3(2fﬂ_ q2_mgr Am

CS, Cg, cg low energy constants are parameters to be fitted to the FV lattice energies

17



> One-pion-exchange from the potential V

D'==@h—D D D D= D
\V/ = + N
713 \\
) p — P )* D D* i) S ) *
in nonrelativistic regime: projected to various lattice irreps A:

poles: det (G~ + V) = 0—> det (H — pOI) = (0 — det (HF —pO’PI) =0

> Plane wave basis |D(pp); D*(Pp*,€"))iat, ﬁZﬁD + DD+

- 2

e d d 3. _
2 1 Ppx) = T Npe, fipe € 4°; T =12,Y, 2,

ID(k); D*(—=k,€"))em.-
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p cot(dy)

Comparison of the DD* scattering phase shifts

with M (p1)M (p2)
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Tcc poles in the scattering amplitude

Re (Ep) — E; = —8.515 5 MeV
Im (Ep) = - 10.3fi:? MeV

Re (Ep) — E; = =521 MeV

Im (Ep) = - 6.3 75 MeV

+ complex conjugate poles

> Tcc is a subthreshold resonance

Im (Ep) [MeV]

15§

10 ¢

H+ D&D*

A

: [ HH D™D* + [cc] [ud]

_ 15t




Finite-volume energy

spectrum of the
Doubly Bottom

Tetraquark Tbb

Tbb ground state shows a
significant energy shift of
~100MeV when additionally
diquark-antidiquark
operators are considered
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A\

Isospin-1channel

In a previous lattice QCD study the phase shifts were computed in red below which suggest

a pole in the scattering amplitude near the DD* threshold. Such pole would correspond to a

bound state.

However, LHCDb not observe any resonance in this channel.

We decided to extract the energy spectrum in this isospin-1 channel with our lattice data.
my = 350 MeV

=1 arXiv:2206.06185v3 " _ 6

7

—0.2 0.0 0.2 0.4 0.6 0.8 1.0
p?/GeV?
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Our work: finite-volume energy spectrum of =1 channel

OIDDI = ZA/\j D* p’l\)]
1.05f
= ZAk.j (al'yc)(Pi) (dTa;¢) (Par)] + {u < d}.

1.04 K
S 103k OMM . D(0)D*(0)
= D(1)D*(—1)[i=0
&y 1.02} D(1)D*(—1) ;=2

> Positive energy shifts with
1.01}
respect to the energy
1 thresholds indicates a
0 T} (0) A70) b )] repulsive interaction near the
mp ~ 2.019 GeV DD* threshold.
O'992.07 2.76 2.07 2.76 2.07 2.76

L [fm]



pcot(6o)/En

pcot(dg)/ Exn

DD* Scattering amplitude: isospin-1

00— il ol ',,-wzmg GeV > No pgle in the scattering
-0.2 f : f{ O ——— s amplitude near the DD*
_04alk ] threshold was found when

0 using Lusher + ERE
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0.1 PR | A L L
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: ' ] > By additional considering
................................................ : OPE to handle the IhC We did
' E not found a pole in the
_2 scattering amplitude for the
] DD* scattering.
—-04F e ................. ................. .............. i
’ : mp ~ 2.019 GeV 2411.06266
-05 . & R S TR S PR S
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Wick contractions for both isospin channels

x4 Ceo > oC x4 Ceo > oC ¥+ Ce > oC * x4 Ceo > oC %
D +do -------- S .&D+ D +&o—---<-.\ oaDO D +C2‘ -------- mm————— Q&D ¥ D +do----<~\\ oaD 0
Do Té: . :l;t D po fct: ) \““':QDH Do fé: . :lc__t DO Do 13: . \""“:CJD+
(D') (C1) (D) (Ca)
(a)
([D(0)D*(0)]|[D(0)D*(0)])
0= « +« + + + + +« + =+ <]| p*t+ I D*°
1
. " . 101 i
(DD*),|(DD*))=D—=C; +(-1)*'(D'-C;)  £" e e m BE B E v
2. ,x T F = & = & = = == I
(DD*),:i[DOD*++(—1)’+1D+D*0] N D" | D*
\/i 8 10-3] I D/CoeCo) C.,, \Phen
= ¥ Ci/CpuCh) ( &4 )
10-4 =D'/Cp)Cpro)
¥ C/CoeChp (b)
8 10 12 14 16 18

t/a

C'2 Wick contraction responsible for the isospin channels in the tetraquark. 26



Conclusions

Isospin-0

>

Y VY

For the relevant isospin-0 Tcc, | implemented meson-meson and additionally diquark-antidiquark
interpolators and find that these have some impact on certain eigenenergies.

Extraction of the scattering amplitude based on both types of operators.

In the end, Tcc is found to be a sub-threshold resonance where the effect of the additional operators
renders a Tcc pole slightly closer to the threshold.

For Tbb there is a significant energy shift of ~100MeV when diquark-antidiquark operators are
additionally considered.

Isospin-1

>

>
>

No pole in the scattering amplitude near the DD* threshold was found when using Lusher + ERE
neither when using OPE to handle the Ihc we did not found a pole in the scattering amplitude for the
DD* scattering.

C2 is the Wick contraction responsible for the isospin channels in the tetraquark.

Rho-exchange is a candidate for distinguish the isospin double charm tetraquark channels.

Thanks!
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