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[0 P-wave DD* resonance candidate: G(3900)

[1 P-wave resonance mechanism
[1 Robustness for the existence of P-wave vector DD* resonance

[ X,(2900) as the P-wave D*K* resonance

[J Outlook: studying general behavior of P-wave hadron-hadron

scattering at STCF
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Motivation--Cross Sections fore*e™ — DD

® Broad structure near DD* threshold, referred to as G(3900) structure

T0) The charmoniumlike state with JP¢ = 17~ fitted with Gaussian function
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Background-G(3900)

PHYSICAL REVIEW D VOLUME 21, NUMBER 1 1 JANUARY 1980

. Charmonium: Comparison with experiment ® Cornell model

E. Eichten,* K. Gottfried, T. Kinoshita, K. D. Lane,* and T. M. Yan

Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853 V(T) —
(Received 25 June 1979)
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The charmonium model, formulated in detail in an earlier publication, is compared in a comprehensive
fashion with the data on the  family. The parameters of the “naive” model, in which the system is
described as a ¢ pair, are determined from the observed positions of ¥, Y, and the P states. The model
then yields a successful description of the spectrum of spin-triplet states above the charm threshold. It also
accounts for the ratio of the leptonic widths of Y’ and . When the ¢ potential is applied to the T family, 8 .
it accounts, without any readjustment of parameters, for the positions of the 25 ‘and 3S levels and for the II —_— i . ("f) V( "f — _f.' ) ( "f ! ) . d 3 7" d 3 ,y.!
leptonic widths of T and T’ relative to that of . The model does not give acceptable values of the i — 8 . pd, pd. . : ?
absolute leptonic widths, a shortcoming which is ascribed to large quantum-chromodynamic corrections to = )
the van Royen-Weisskopf formula. The calculated E1 rates are about twice the values observed in the ys
family. This naive model is also extended with considerable success to mesons composed of one heavy and (3 ° 1 )
one light quark. A significant extension of the model is achieved by incorporating coupling to charmed-
meson decay channels. This gives a satisfactory understanding of (3772) as the 1°D, ¢€ state, mixed via
open and closed decay channels to 23S. The model has decay amplitudes that are oscillatory functions of the 4,
decay momentum; these oscillations are a direct consequence of the radial nodes in the ¢¢ parent states.
These amplitudes provide a qualitative understanding of the observed peculiar branching ratios into various
charmed-meson channels near the resonance at 4.03 GeV, which is assigned to 3°S. The coupling of the ¢¢
states below the charm threshold to closed decay channels modifies the bound states and leads to reduction
of about 20% in E1 rates in comparison to those of th ! 3t
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® kinematic effect at the threshold

Y.J. Zhang and Q. Zhao,
Phys. Rev. D 81, 034011 (2010)
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® coupled-channel effects driven by
the contact interactions

og(ete = D*D7)[nb]

()]
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(25), ¥(35), ¥(1D), ¥(2D) (X) DD, DD* + c.c., D* D},

M.L. Du, U. G. Meissner and Q. Wang Phys. Rev.
D 94 (2016) 9, 096006
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Formalism - P-wave resonance

w P-wave resonance mechanism

=0 E plane [>0 E plane
» »
Beund state Bound state
.—. I —. —
Virtuai-state .
® Resonance Resonance
(a) (b) J. R. Taylor, Scattering Theory:

The Quantum Theory of Nonrelativistic Collision

® As the attraction being weaker, p-wave bound state naturally turns
resonances.

® This resonance is different to Feshbach resonance (bound states
coupled with open channels)
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The dynamical calculation of the P-wave DD* interaction

A basic idea:

- By applying a model, the DD* interaction can be restricted by the well-known
S-wave X(3872) or T,..

* Thus, the prediction on the corresponding P-wave dimeson states should be
reliable.

 The predictions on possible P-wave DD* poles are fully based on a dynamical
calculation, which does not depend any experimental information of G(3900).
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Formalism — OBE model

« The hadron-hadron interactions are fullfilled with pseudoscalar and vector meson exchange
« The OBE model had succeed in decribing the X(3872) and predicting the existence of T/,.
Our work proves that the Zc(3900) can also be interpreted as virtual state in OBE model.

3875 — . . .
SO : ________________________ : _____________ 33706— X(3872)
[ L =g, Tr [HoH| + igaTr [Hy, 75 A" H] o
| +i0Tr [Hf‘;. (VH = pt }’H] + iATr [’Hrf”,,F’””H] E 38651 ‘
| +g.Tr [gﬁrg} +ig,Tr [ﬂ?ﬂﬂnﬂ] . OBE model § oo CN. Li and S.-L. Zhu, ]
- I ('ﬂ_- n,o,p w) sess) - Phys. Rev. D 86, 074022 (2012)
—iBTr [?{ (VD — p m} + ATy [?%J,,J,Ff”“;ft] b o
| 3850-1 C 1. CBI lll I‘_.I12I Ililll 16 1. 18 1‘2

A (Gev)
TABLE IV. The numerical results for the D' D" system. " # * *" means the corresponding state does not exist due to symmetry
It while **- - " means there does not exist binding energy with the cutoff parameter less than 3.0 GeV. The binding energies for the states

FLy II! P DWDMI(IP) =0(17)]) and D DY[I(JF) = 1(17)] are relative to the threshold of DD* while that of the state D™ D[I(JF) =
u ,,l'lf“ r ":t + ﬁ ﬂ' V,."E —I_ V,-'E "\ 1(0")] is relative to the DD threshold.
Ifj = II,-"_ " :[F-) — . T+ D[A]Dlsl
V2 0 Lo - To 7 TR L ccC OPE OBE
'\.-'f'.f W2 " _ V,r’a —I_ _I.-"{_:I ot # o P
= v A (GeV) 1.05 1.10 1.15 1.20 0.95 1.00 1.05 1.10
B.E. (MeV) 1.24 463 11.02 20.98 0.47 5.44 18.72 42.82
M (MeV) 387461 387122 3864.83 385487 387538 387041  3857.13  3833.03
. Foms (M) 3.11 1.68 1.12 0.84 4.46 1.58 0.91 0.64
1 . 1 . o 1 Py (%) 96.39 9271 88.22 83.34 97.97 92.94 85.64 77.88
[ — _[_cT : C] A — _{c'r O ¢ DY A Al G aft [ o H] Py (%) 0.73 0.72 0.57 0.42 0.58 0.55 0.32 0.15
V ls ""}F""‘ , A o LS 'dn”*‘r F d P 0 P s P P; (%) 279 6.45 11.07 16.11 1.41 6.42 13.97 2191
= . = Py (%) 0.08 0.13 0.14 0.13 0.04 0.09 0.08 0.05
= oxnil1F/ f . .
§ = exp(iP’/ fz). N. Li, Z.-F. Sun, X. Liu, and S.-L. Zhu Phys. Rev. D 88,114008 (2013
] ] ]
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The partial-wave DD* interaction(I=0)

Partial-wave potentials V (p, p") for different exchanged mesons: (p’ = p in the figure)

X(3872) (Attractive)

11t~ (Attractive)

1~ (Repulsive)

total
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The P-wave interaction is dominated by the long-distance pion-exchange.
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Unified description of DD*/DD* molecules
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® Poles derived by complex scaling method / 0.000¢ = 00000090 0,
Lippmann-Schwinger equation ~0.005F “b
. . % o010}
® Fix the cutoff to simultaneously generate S o orst (6}
loosely bound X(3872), T, we obtain: =T - .'
~0.020F ® G(3900) @ T..(3875) (5
| @ v.(3872) @ Z.(3900) o 3
: _o.025k \ 4]
1. virtual state Z.(3900) 0025H _ Gheetd  ---Sheet I ‘o.lo’
000 e oes . 002 000 00
2. a new pole: p-wave resonance G(3900) ' ' I v ' '
e b oy
® Potentials can be related each other FIG. 4. The pole trajectories with the cutoff parameters cor-

respond to xe1(3872), Te(3875), Z.(3900) and the newly ob-
served (G(3900) states. The circled number 1-10 represent the
increasing cutoff 0.4-1.3 GeV in order. The solid (dashed)
lines represent the pole trajectories in the physical (unphysi-
cal) Riemann sheets. The poles on the negative real axis are
slightly shifted for transparency.
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More P-wave DD* molecular resonances

TABLE I. The poles in all channels of DD* and DD*, up to the orbital angular momentum L = 1. The B and V superscripts
denote the bound state and the virtual state, respectively. Otherwise the pole refers to a resonance.

DD* ,C =+ DD* ,C = — DD*

I=0 I=1 I=0 I=1 I=0 I=1
17(*S81)  —3.17, x1(3872) - ‘ —1.60" | —35.6Y, Z.(3900) —0.417, T..(3875) -
0~ (°P) ‘ —1.5 — 14.54 - - - ‘ —9.6 — 9.7i ‘ -

A =0.5GeV
1-3P) - - —4.0 — 27.3i, Y (3872) - —31.7 — 70.61 -
27 (°Py) —42.6 — 39.4i - —21.3 — 50.7i - —37.8 — 40.9i -
17(3S1)  —6.55, x.1(3872) - —5.85 —34.6Y, Z.(3900) —4.35, T..(3875) -
0~ (°Po) 3.2 — 13.7i - - - —10.2 — 12.14 -
A = 0.6GeV
17 (°P) - - 2.0 — 27.3i, Y (3872) - —33.7 — 84.81 -
27 (°P,) —44.2 — 49.0i - —19.3 — 58.8i - —37.8 —49.3i -
1"":ncw, ] /m, J /prn 0~ ":inemm, ] /Yw,, xeymm 27" ] Y, xqmm 27 "inew, ] /Y
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Discussion — Robustness of our conclusion

Higher partial waves are dominant by long-range interactions (one pion exchange)
P-wave interactions fixed by S-wave states ------ cutoff independent
We study the theoretical systematic uncertainty from coupling constants in model.

We also test the influence of coupled-channel effects, three-body effects and recaoil
correction (spin-orbit force) on G(3900).
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Robustness of our conclusion-coupling constant

Randomly adjust the coupling constants in OBE to reproduce a shallow
bound T,.. and X(3872)

L= gsTr [’Hﬁﬂ] + g, Tr [H’}(‘Mf}(ﬁ AH’H]
+ifTr [Ho, (V* — p*)H| + iATr [Ho ., FHH]

Z. as a virtual state ranged from -35 to -15 MeV (which mainly the o

Coupllng gs) W
s A=0.5 GeV
The pion coupling g, fixed by D* - Dn OO e A06GeV
. _ A=0.7 GeV /
i & A=038 GeV
-e-.caf- e A=09 GeV :'"//
Then we obtain a pole position distribution | \w"/
of G(3900) el

—0.05
—0.06
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Robustness of our conclusion- correction contribution

Coupled-channel calculation

TABLE SM-III. The comparison between the poles of G(3900)
within the single-channel case and the coupled-channel calcu-
lation involving DD, DD* /D D* and D* D™ (in units of MeV).

The DDpi three-body effect

(po, P) (E — pl), —p)

go=E—po—1'o

/

~
I . ]
~
~

(E — po, —p) : [j_J{;.j;})
TABLE SM-1V. The impact of the three-body DD effect
from the OPE of DD* — DD" on the pole of G(3900) (in
units of MeV).

A (GeV) 0.5 0.6 0.7
Single channel — —4.0 —27.3i 2.0—-27.31 7.0 —24.4¢
Coupled channel —0.1 —-25.0¢ 6.3 —21.47 9.7 — 12.64

A (GeV) 0.5 0.6 0.7

2025 FHEF IR EET=@EE

Without 3-body effect —4.0 —27.3¢ 2.0 —27.3¢ 7.0 — 24.44

With 3-body effect —5.0—24.11 —1.2 —24.372 6.3 — 21.Tz
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Robustness of our conclusion- correction contribution
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FIG. S7. The explicit recoil corrections for the P-wave effective potential of the DD* associated with G(3900) up to the order
of 1/m3,. Here, the § = mp+ — mp is another small scale. Only p = p’ cases are depicted.
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Extension: X,(2900) as the P-wave D*K* resonance

— — ; LTt T TR | 1 J
s LHCb v75F LHCb b £
% 60 E [ (d) ]
r:i 50 QSG:— :
s Sast :
g 10 EREE
o = I 3] -  PTIEIL L L
T s © 074 26 28 30 32
m(DK*) [GeV/e?] M(D_K+) [GEV]
J¥ = 0% T550(2900)° T5,(2900)° J° =1" Ti50(2900)° c51(2900)°
my 2866 + 7 2904 + 5 2887 + 10 2914 + 19
Io 57+13 110412 92423 128+32
(LHCb Collaboration), Phys. Rev. D 102, 112003 (2020) (LHCb Collaboration), Phys. Rev. Lett. 133, 131902 (2024)

® X,(2900) & X1(2900) seem a pair of S-wave and P-wave molecules like X(3872) & G(3900)
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Double pole structure:X;(2900) as the P-wave
D*K" resonance

® X,(2900),X,(2900) and an additional 1~ state

TcsO (2900)

Tes1(2900)

T/s1(2900)

~150

~1P1+5P1

N?’p1

® Dependency on the unknown parameter A’

States A =0.56

A'=0.28

A =0.84

T 504 (2900) 2.859*
2.857 —0.012i

2.878"
2.876 — 0.0161

2.833"
2.832 - 0.0081

T.1-(2900) 2.834 —0.037i* 2.835 —0.052i* 2.840 — 0.028i*

2.828 — 0.054

2.827 — 0.0691

2.834 — 0.0451

T' ,_(2900) 2.868 —0.0281* 2.869 — 0.0331* 2.869 — 0.0241*

2.861 —0.0491

2.862 — 0.0541

2.862 — 0.0451
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A=0.6 A=0.5
O b e s e 3 —— -
! The branch cut of DK’
10 F A=0.6
.
<20 R
E A=0.5
=30 - AZ0S A=0.6 :
HT) Vo T4, (2900)
T ol i o T..,.(2900)
£ 40 |- A=06 A=0.5 o T, (2900)
i A=0.5 ' |- T, (2900)
-50 |- A | T..,.(2900)
- o T..,.(2900)
60 LA=0.
L 1 1 1 1
-60 -40 -20 0 20
Re[6E] (MeV)

FIG. 2. The pole trajectories of S-wave T.,,.(2900), P-wave
T.-(2900) and 77, (2900) with the varying cutoff parameter
A tfrom 0.5 to 0.6 GeV. Here, the circle and diamond points
correspond to the poles in the physical and unphysical Riemann
sheets, respectively. The hollow and solid points represent the
results without and with the width effect of the K% meson,
respectively.
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Summary and outlook

Model-based calculation: unified description of X(3872), T, Z.(3900) and
(¢ (3900), with additional states predicted

Robustness from the pion exchange and P-wave mechanism and small
influence from various effects

P-wave scattering dynamics exhibit new behaviors compared to S-wave
hadron-hadron scattering.

STCF will be an excellent platform to study the general behaviors of P-wave
hadron-hadron scattering dynamics, which involves various systems such as
charmed and anti-charmed meson, charmed and anti-charmed baryon, and
double charmonium scattering.

Thanks for your attention!
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