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T/ (3874) 1(J7) =0(1T)

e composed of cciid
@ just below the shreshold of D**(2010)D°(1864)
mys — (Mpe+ + m%) = —273 £ 63 [KeV]

LHCb collaboration, Nature Physics volume 18, pages751-754(2022)

Do D**
c c
L
TCC . .
b d
*® —— 3875.090 MeV

| 0.273 Mev
3874.817 MeV

— mass difference is small ~ 0.273 MeV
— naturally assumed that T, is a loosely bound state of D?D*+

— analogy of deuteron (a loosely bound state of proton & neutron)



OBE model

Deuteron : a loosely bound state of proton & neutron

the properties are reproduced by one boson exchange potential (OBEP)

e Bj, ~2.2MeV ~3fm
e Ppb~5% g - n
5T . MOopw
® /(r?) ~4fm ~1fm ~1fm

Apply one boson exchange model to a molecule state of D(*) D(*)



1. Analysis of D& D)
e assume that T is D®) D) molecule state
o study bound states of D*)D(*) molecule by OBEM

o fit a free parameter A to the experimental data of T

2. Analysis of D(*)ES;Z)
@ construct doubly heavy baryon lagrangian based on heavy quark

anti-diquark symmetry

o study bound states of D= by OBEM
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Heavy quark spin symmetry

Heavy quark field
Ity
2

=M X[Qy(x) + xv(x)]
erase the degree of freedom of x,
»Cheavy = Q(X)(’D - mQ)Q(X)
=Q,(X)v - iDQy(x)

i 2 _ ot
P 0,) - 60,007 Q) + OL)

Heavy quark spin interaction is completely suppressed in the HQ limit \

A. V. Manohar and M. B. Wise, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 10, 1 (2000)

Q(X) :efiva-x[eiva-x Q(X) + eiva-xl_

Q(x)]

+ Ov(X)
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Heavy quark anti-diquark symmetry

Q in Qg and QQ in QQg have the same color representaion 3
QF~3®3

QR

Qi

~32323=0B®6)®3

Qi

QQ is a sizable object

— point-like particle in the HQ limit

Heavy quark Q can be identified with heavy anti-diquark QQ in HQ limit

Martln J. Savage et al., Phys.Lett. B248, 177 (1990)
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application of HQS

@ Heavy quark spin interaction is completely suppressed (HQSS)

@ Heavy quark @ can be identified with anti-heavy diquark QQ (HADS)

!
X
[1]]
a

D o B
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Heavy meson doublet field

doublet field H of P and P*

H= Ay [P*y, —7°P]

A =1 H® = [P*Thy, — v PTAL

1+y 1—y
Ay =2 A ==~
+ 2 2

A. V. Manohar and M. B. Wise, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 10, 1 (2000)
Hs — D(A)HD~1(A) (Lorentz)
H, — Hyh! (x) (chiral & hidden local)

H, — Sy H, (heavy quark spin)
Ha — 7°Ha7° (parity)

Construct a invariant lagrangian under these symmetry



interaction lagrangians

pseudo scalar & scalar & vector coupling

LyHa = & Tr [HynsAH]
LHHe = 85 Tr [HUI:I]

Luny = —BTr [Hv (V¥ — p")H] + X Tr [Ho F* (p)H]

v

R. Casalbuoni et al., N, Phys. Rep. 281, 145 (1997)

AR = é (¢home — comel) v = é (¢Tome +comel) 6 = Vi

F;W(P) = 8upl/ — OvpPu — [P,u, vl
. 8v A
Pu = ’\ﬁpu
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Coupling constant

Coupling constant (MeV)

g 0.59
pop 0.76
gy 5.9
15} 0.9
A 0.56 GeV~!

Ning Li et al. PHYSICAL REVIEW D 88, 114008 (2013)
@ D" = Dm: g ~0.59 s Ahmed et al., CLEO Collaboration, Phys. Rev. Lett. 87, 251801 (2001)
@ o couples to only light quark : g, = g"% ~ 0.76
X. Liu, Y--R. Liu, W.-Z. Deng, and S-L. Zhu, Phys. Rev. D77, 004015 (2008)
o VMD: g, ~59,82>0.9 R caslbuoniet al, Phys. Lett. B 299, 139 (1993)

@ charming penguin diagrams in B meson decay processes : A ~ 0.56

C. Isola et al., Phys. Rev. D68, 114001 (2003)
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Possible channels

DD* molecule with /(JF) = 0(17)

o mp+(2008) — mp(1867) ~ 140MeV > m,(138)

o Tensor force mixes (3S;1) and (3D;)

[DD*]-(*S1)

[DD*]-(*D1) . _ DD*—D*D
D*D*(3S) 007 = =7
D*D*(3D1)
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OBEP for D*) D) — pH)p(*)

21

of 3 ((91-OQ)C(I’,mﬂ,/\)—|—S(91,(92T(I’,mﬂ-,/\)]’7'1-T2

V() = (& )2 C(r, o, )

My
1
V,(r) = CV()\gV)2§ 201 - O2C(r,my,N) — So,.0, T(r,my, )| 71 - T

V,(r) = (f&/) C(r,my,N)m1 -1

my

N\ is a free parameter dependent of a hadron size
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include the finite size effect of hadron by the cutoff in the momentum

integral — Pauli-Villars regularization

2 2
N — mg,

Flq] = Y A : a free parameter

e F[q] a9 Flg] =0

@ attach F[q] at each vertex
@ set the same A in all F[q]

fit A to fit the experimental data of T . (Bj, ~ 0.273 [MeV])
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Numerical results

OBE (MeV)

A 1220 1234 1240
Epin 0.15 0.27 0.34
P (351) 09927 0.9916 0.9904
Piop- (3D1) 0.0058 0.0065 0.0072
Pp-p-(3S1)  0.0009 0.0012 0.0016
Pp-p+(3D;)  0.0004 0.0005 0.00069
(r?) 8.4 6.9 5.8

No bound state by only one pion exchange at more than A = 1800MeV
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Hamiltonian

[DD"]- (%5, -

[0D"]-0y) 0.036 | 4

D D%,
-2
DD i%D,) 0.4

.6

[DD7]-(5) [DD°]- (°0y) D'D°(%5,) D'D°{0y)

non-diagonal part plays a role in making a bound state
= tensor force mixing S — D wave & transition [DD*]_ - D*D* help to bind
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(*)

Analysis of DM=) molecular states

- analysis of D& D) molecular state
e tensor force mixing D™D (35) — DI DH)(3Dy)
e transition of [DD*]_ & D*D*

— important to make a bound state

* sis of D(*)Eg) molecular state

DWDHH(S, Dy = DM=W (s, D)
(Qq)(Qq) = (QQq)(Qq)

17 /27



Anti-heavy meson doublet field

doublet field H of P and P*

pseudo scalar & scalar & vector coupling

Laga=gTr {Iflb7u75AﬁaFla}

Liabe = —ggTrIEIaaI:Ia

Liang = —iBTr |Rovu(VEs = pfi) o]
Ligin = IATr | oo FL A
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Doubly heavy baryon doublet field

QQq in the ground state

VW op(antisym) = space(sym) x color(antisym) x spin(sym)
oo & Spi 1% 1 1 o 3
spin sping = —==-d=
PINQQ PiNg 2 2 2

— QQq with spin % and % are degenerate in HQ limit

doublet field Vo of Bgg and BEQ

. 1
Yoe = Bgo + \/;(7“’ +v)7°Baq

_ _ 1.
00 =Bgo — \/;BQQ’YS(’YM +v¥)

Lu Meng et al., PHYSICAL REVIEW D 100, 014006 (2019)
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Lintof g

pseudo scalar & scalar & vector coupling

AT 5
Ed)ooiﬁooA = gz/)’éQA”’y,/y YQqQu

‘CdJQQd)QQU = _g\awéngQQ#
£¢QQ¢QQB = iﬁ¢gQVVpV¢QQM

Lyqovoer = IMbeaasF* ey

identification of D with = from HADS

g =8
8o :ga
B =0
A =3

Jie Hu et al., PHYSICAL REVIEW D 73, 054003 (2006)
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OBEP for D=4

1
Vﬂ'(r) = Cﬂ'(%)zg [(Ol : OQ)C(I’, mﬂ'a/\) + 5(91,(92 T(ra mﬂ'aA)] T1 T2
1 /g 2
V,(r) = —5 (ma> C(r,mg,N)

1
V,(r) = C\,()\g\/)2 3 [201 - O2C(r,my,N) — So,.0, T(r,my, N)] 71 - T

+1<ﬁgv

5 2mv) C(rymy,N)m1 -1

Now set A = 1234 [MeV]
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Possible channels

o J= %
DECC(2S%)
552(40%)
D*ECC(QS% A Dy)
5*526(25174 Dl76 Dl)
2 2 2
_ 3
o J= 5

D=c(*D3)
D=:(*S3.," D)
D*Ecc(zDi 74 5374 Di)

_ 2 2 2
D*E:C(2D§ 74 S§ 74 D§ 76 D§)
2 2 2 2
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Possible channels

o J= g
DECC(zDg)
DE?C(L‘D%)

D*=cc(*Ds.* Ds)
D*:* (2D§ ,6 5576 DE)
2 2 2

—cc
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Numerical results of J = % case

OBE [MeV]
A 1234 1400 1450 1500
Ebin X X 0.096 0.479

pz..(*S1) X x 0.998 0.997
PD:&(“D%) X X 88e—07 2.0e—6
Pp=z. (2S1) X X 44e—05 12e—4
Pp=z.(*D1) x 27e—04 27e—4
PD*E§C(25%) X X 6.9e—05 6.4e—4
Ppez, (*D1) x 6.9e—05 1.6e—4
PD*E&(GD%) X x b54e—04 1.2e-—3

(r?) X X 9.2 4.4




Hamiltonian

barD=cc(S) - 0 0011 0.3 -
- 04
barD=/.(D) o
barD"z.(S) 10087 -0.0019 2 0.0041 2
barD” = (D) 051 0.0019 4 0.0064 ol
barD*z;.(5) 023 0.004 ) 0.0034  0.0081 0.0
barD "=/ (D) -0l
-0.2

barD*z(D)



1. Analysis of D*)D

@ assume T.-(3875) is a molecule of DD*

@ reproduce the experimental data at A ~ 1234 MeV
e tensor force mixing D*)D*)(S) — D*)D()(D) and
transition effect of [DD*]_ — D*D* are important to bind

2. Prediction of D*)={)
@ determine the coupling constants in Ly, based on HADS

@ No bound state at A ~ 1234 [MeV]

e only J = 1 state is bound at A ~ 1450 [MeV]
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Consider HQ limit (mg — oco) through my study

but,
mp~(2008) — mp(1867) ~ 140MeV > m,(138)

e include the next leading order of O(1/mg) in HQSS

S. Yasui and K. Sudoh Phys. Rev. C 89, 015201(2014)

DH) ~ =(*)

—=cc

e include the next leading order of O(1/mgv) in HADS

take into account QQ sizable effect — take A smaller (A %)
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