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Tt(ccuid) @ LHCb (Nature Phys. 18 (2022) 7, 751)
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T versus X (3872)
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@ Higher precision: smaller bins & better known resolution function
@ Larger statistics: small uncertainties

@ Data below two-body threshold: clear below-threshold peak
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T versus X (3872)

Common features:

@ Isoscalars
@ Definitely contain a pair of heavy quarks
@ Reside incredibly close to 2-hadron thresholds DD*/DD*
@ Decay to open-charm final states DDn/DDw and DD~/D D~y
@ Important consequences from D* — D7 decay
Difference:
e X contains c¢ pair while T\, contains cc
@ X decays to hidden-charm states while 7.\, does not

@ Short-range core (if any): c¢ charmonium vs tetraquark cciid
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Pion exchange in [ = 0 DD* system

D*(p,¢) =—=—==——D(p))

i Vi) = () rom ST )

Long-range OPE
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If; (2f7r> (—1 * q’ + [m72'r — (mp- — mD)z])

central

recsl Effective mass 2

@ Short-range OPE absorbed by (re-fitted) contact interaction

@ Perturbative long-range OPE as per

21,2
& _ 9elkzl
ast = 7Cf2” <1
(XEFT: Voloshin'2004,Fleming et al.’2007,...)
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Pion exchange in [ = 0 DD* system

D*(p,¢) =—=—==——D(p))

2fx

Long-range OPE

— (ngj \2(_1"' o . 2 M?T 91)

[ s pion exchange important in 7.7

@ Short-range OPE absorbed by (re-fitted) contact interaction
@ Perturbative long-range OPE as per

21,2
& _ 9elkzl
ast = 7‘},2” <1
(XEFT: Voloshin'2004,Fleming et al.’2007,...)
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Comment on pion exchange in 7.}

e Physical 7.5 (m, < mp- —mp = p <0 & || < my):

— 3-body unitarity: ' +

I

= T.f spin partner at D* D* threshold

aD-wave

T :ggqup/fg :gng(mD* _mD)/fz >1

Conclusions
[e]e]
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Comment on pion exchange in 7.}

e Physical 7.5 (m, < mp- —mp = p <0 & || < my):

1 \ 7

= 3-body unitarity: + i

I

= T.f spin partner at D* D* threshold

a7[T)-wave ~ ggqup/fz ~ gng(mD* — mD)/fz >1

o Lattice 7.5 (m!a' > ml3t — mlt = (plat)? > 0 & plat > m7prh):

= ar=g}l/f2~1

—> Left-hand cut in partial-wave amplitudes

2 "2 2

pn + (k+E) 4p

A Ve(k — k') ~log 20— — = = 1 1+ —
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Effective field theory for hadronic molecules

Binding m-exchange Coupled channels Cut-off P
T T ! t licit] int t t
f / eat explicitly integrate out
\;‘m/QEB \;‘mQA reat explicitly A o
< Q > ‘ EFT convergence parameter: y = Q/A‘

Interaction potential between heavy hadrons:

-
Includes all relevant interactions >< + T+ e
e——

@ Complies with relevant symmetries (chiral, HQSS, etc)

Incorporates coupled-channel dynamics

Expanded in powers of p?/A? and truncated at necessary order (LO, NLO...)

Iterated to all orders via (multichannel) Lippmann-Schwinger equation

T=V-VGT
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Effective field theory for hadronic molecules

Binding m-exchange Coupled channels Cut-off P
! 1 i . — o -
\mQEB \THQA treat explicitly A integrate out
) S
< e parameter: y = /A ‘
© Hy H)
Interaction potential betwe
@ Includes all relevant i + e
@ Complies with relevan H2 H2 etc)
@ Incorporates coupled-&._ J

Expanded in powers of p?/A? and truncated at necessary order (LO, NLO...)

Iterated to all orders via (multichannel) Lippmann-Schwinger equation

T=V-VGT
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EFT approach to 7./

Ve = VmpEp ~ 25 MeV A = 500 MeV
max Potential at LO

Pz = V/mp ABgaa = 100 MeV = OPE included

Peowicn. = V/mp(mp- —mp) = 500 MeV No couple channels
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EFT approach to 7./

Ve = VmpEp ~ 25 MeV A = 500 MeV
max Potential at LO

Pz = V/mp ABgaa = 100 MeV = OPE included

Peowicn. = V/mp(mp- —mp) = 500 MeV No couple channels

@ Lippmann-Schwinger equation for scattering amplitude (vy — free parameter)

T=V-VGT
V=v+V:

@ Production amplitude (P — free parameter = overall normalisation)

U=P—-PGT
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EFT approach to 7./

Y6 = Vmpkp ~ 25 MeV A =500 MeV

i Potential at LO
Pits = V/mp ABaa = 100 MeV 7 OPE included
Peoupl.ch. = \/r — \Ie Channels

3-body effects:
@ Lippmann-S L ‘ ' ree parameter)
/ \ /
+ ~|-
/
\_ J

@ Production amplitude (P — free parameter = overall normalisation)

U=P—-PGT
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Fitting schemes, results, and conclusions

I’ p»=const, OPE Tp«(p, M), OPE Tp«(p, M), OPE
x2/d.o.f. 0.79 0.74 0.71
vy [GeV 2] —23.3440.08 —22.8870-08 —5.0415-29
Pole [keV] —368T45 —i(37+£0) —3337355 —i(184+1) 356750 —i(28+1)

® 71 DDt

30 i ------ Scheme I: §=0.79
--=- Scheme II: )‘f =0.74
—— Scheme III: x*=0.71

20 S @ (Quasi)bound state just below
------ o mass|

§ ...... Background D*+ DO threshold

< A

& 10 @ Compositeness: 70% & 30%

3.873 3.874 3.875 3876 3877
Mpopor+ [GeV]
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Fitting schemes, results, and conclusions
I' p«=const, OPE T'p«(p, M), OPE I'p«(p, M), OPE

x2/d.o.f. 0.79 0.74 0.71
vy [GeV 2] —23.3440.08 —22.8870-08 —5.0415-29
Pole [keV] —368T95 —i(37+0) —333T355 —i(18+1) —356T33 —i(28+1)
Breit-Wigner LHCb fit: —273 — 4410 keV
30
LHCb model: —360 — i24 keV
EZO Albaladejo'2021: —356 — i39 keV  kiate just below
8 ...... Background | —rr—trmreshold
N H
3
& 10 @ Compositeness: 70% & 30%
3.873 3.874 3.875 3.876 3.877
Mpopor+ [GeV]
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Spin partner 7"

HQSS: V'=°(D*D* — D*D*,17) = V'=%(D*D — D*D,1%) = vy

T.5 at D*D threshold hints existence of 7" at D*D* threshold

Scheme I: §if = —1.4 MeV
Scheme | §5F = 1.1 MeV
Scheme |l §5F = —0.5 MeV

S+ __ ¥ *
where 0" = 1 —me —mg
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Spin partner 7"

HQSS: VI=%D*D* —» D*D*17) =VI=9(D*D — D*D,1") =

T.5 at D*D threshold hints existence of 7" at D*D* threshold

cc

Scheme |[: 62‘2‘ = —1.4 MeV

Scheme | 8= —1.1 MeV

Scheme |l §5F = —0.5 MeV
where 7 = Mot — mi—mg

Disclaimer:
o Coupled-channel effects D* D-D* D* neglected
o Multi-body effects & OPE included not selfconsistently

Conclusion: TX" is likely to exist but no reliable prediction is possible yet
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Spin partner 7"

HQSS: VI=%D*D* —» D*D*17) =VI=9(D*D — D*D,1") =

-
T at[  LHeb CoIIab Nature Communlcatlons 13 3351 (2022)
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Conclusion: T is likely to exist but no reliable prediction is possible yet
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T in lattice QCD

cc

@ “Signature of a Doubly Charm Tetraquark Pole in DD* Scattering on Lattice,”
M. Padmanath and S. Prelovsek,
Phys. Rev. Lett. 129, 032002 (2022)

my, = 280 MeV 2 points in m, (5-point update coming soon)

@ “T.1(3875) relevant DD* scattering from Ny = 2 lattice QCD,”
S. Chen, C. Shi, Y. Chen, M. Gong, Z. Liu, W. Sun and R. Zhang,
Phys. Lett. B 833, 137391 (2022)

m,; = 348 MeV

@ “Doubly Charmed Tetraquark T.%, from Lattice QCD near Physical Point,”
Y. Lyu, S. Aoki, T. Doi, T. Hatsuda, Y. lkeda and J. Meng,
Phys. Rev. Lett. 131, 161901 (2023)

my,; = 146 MeV HALQCD technique
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ERE analysis of lattice data for 7.
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a
Q
§ 0.1
o
S .
2 M

—— NL=24

.1 T : T .
—0.008 —0.004 0.000 0.004 0.008 0.012
(p/Epp~)?

(Padmanath & Prelovsek’'2022)

1 1
— =T YE)=pcotd —ip=—+ ~rop*> —ip
n ag 2

12/17



Introduction Pion exchange EFT for '['t, T on lattice Conclusions
000 [e]e] 0000 B O [e]e) [e]e]

ERE analysis of lattice data for 7.
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EFT analysis of lattice data for 7.
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Lattice data: Padmanath & Prelovsek, Phys.Rev.Lett. 129 (2022), 032002
Theoretical curve: Du et al., Phys.Rev.Lett. 131 (2023), 131903
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EFT analysis of lattice data for 7.
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Lattice data: Padmanath & Prelovsek, Phys.Rev.Lett. 129 (2022), 032002
Theoretical curve: Du et al., Phys.Rev.Lett. 131 (2023), 131903
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Lattice 7. pole motion with increased m,
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Left-hand cut
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T, pole motion on (m.,m,) plane

C

e Filled circle — physical T,
@ Cross — starting lattice point

@ Open circle — lattice T,
as shallow bound state

15/17



Introduction Pion exchange EFT for T ’( TF. on lattice Conclusions
000 [e]e] 0000 00000 e0

Conclusions

Tt — a new surprise from experiment

Another prominent example of hadronic molecule (bound state)

Two complementary sources of information: experiment & lattice

@ Well established theoretical tools = reliable conclusions

Further questions to address:
e Binding mechanisms?

Is T, a cousin of X (3872)?

e Do they have further siblings?
Spin & SU(3) partners?

o How about Ty, (lattice & experiment) and Ty, (lattice)?
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Conclusions

Tt — a new surprise from experiment

Another prominent example of hadronic molecule (bound state)

Two complementary sources of information: experiment & lattice

@ Well established theoretical tools = reliable conclusions

Further questions to address:
e Binding mechanisms?
o Is T;f a cousin of X (3872)?
e Do they have further siblings?
o Spin & SU(3) partners?

o How about Ty, (lattice & experiment) and Ty, (lattice)?

@ Deuteron (100), X (20), Z (10), pentaquarks (9), X (6900) (3), 7. (2),...
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