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X atom: Background

Exotic hadrons are the hadrons beyond the quark model.

XYZ states, Glueballs, Pentaquarks...

X (3872) 1s one of the most important XYZ states
X(3872) is first discovered in the J/«7 "« invariant mass distribution by Belle
Collaboration in 2003, with 1¢J7° =07 (1™") , mx = (3871.69 £+ 0.17) MeV

Salient features: (a) 6 = mpo + mpoe —myx = (0.00 £+ 0.18) MeV
(b) B(X(3872) » D*D'r") > 40%

B(X(3872) o DOD*O) > 30%
At long distance, p°D™ is dominant in X(3872)

o 1 — x0 =0 . C|D> = |_D>
1X(3872)) = — (|D°D™") — |D D*) ( . )
*/5( ) C|D*) =—|D)



X atom: Introduction

Typical size for the x(3872)at long distance: rx ~ —

v/ 226

Typical size (Bohr radius) for the D*D*~ bound state:  rp =

2 10 fm

1
Quple

= 27.86 fm

m pom p+o M pm p-

Ho = He = — Yo =mpo +mpo X, =mp+ mp- = (3879.91 + 0.07) MeV

)
- - . 2 o
Coulomb binding energies: —g, — - 2# _ —f __2981keV

2n? n2 n2

X atom: The ground state %UD*D*) _|p D)) atom with C = +
Scale separation: rgAqgcp > 1, strong interaction between D™D*~ is a correctiom
Effects of strong interaction at LO:

(a) Energy level shift: AES™ ~ ) (b) Decay modes: D°D™ D'D°x°, J /iprr, - -
The strong interaction is non-perturbative due to the existence of the X(3872)

Only hadronic atoms with light quarks have been studied
Gasser, Lyubovitskij, Rusetsky, Phys.Rept. 456 (2008)



X atom: Introduction
The X atom is related to the x(3872) (as a hadronic molecule) by isospin symmni

D™D*" threshold: ¥, = mp + mp- = (3879.91 £ 0.07) MeV

No Signal near the b D*~ threshold 2R

£ 5.26 < My i poie < 530 GeV/e2 LHCD |
1 ]

Make use of the zero signal to: o :
> Put a lower bound on the X(3872) binding energy *

0.6

0.4F

» Gilve a criterion on the X(3872) nature

Candidates/(1.25 MeV/c?)

0.2+
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Scale separation: rgAqcp > 1; Nonrelativistic effective 385 386 347 388 380 39
WLJ/LI) et an [GeV/CZ]
field theory (NREFT) applicable

LHCb, JHEP 08 (2020) 123
Approximation: Isospin-1 strong interaction neglected

» No Isovector state was found Hanhart et al. , Phys.Rev.D 85 (2012) 011501

=2 0.2675%

9Xw

» Isospin breaking in the couplings is small



X atom: NREFT

Coupled channel: CH1:D*D*” — D*D*~ CH2:D°D" — D°D"

Non-relativistic effective Lagrangian: Galilean, Gauge invariant; C, P, T

Around threshold, LO Lagrangian: constant contact terms for strong interactions

1 y . & . Iy \V&
EZ_ZFWF“ + Z ¢T(’&Dt—m¢+—)¢—|— Z qu(th—mqg—l—z 5 - )qb

¢=D*,D0. D’ amg ¢=D*+ D D" amg
CO + y*— — -\ T + yx— — yx+ CO + 7y — — )\ T 0 75*0 ~0 ~%0
-=X(p*D*" ~ D D) (D*D* ~ D D) - L[ (DD~ D D) (D'D - D'D) 4 h.c]
Cy

070 200\ (100 R0 0
—T(DD _p'p ) (DD ~-b'D )+
Fu = 0,4, — 0,4, Dip = 019 FiQAop

Constant width approximation for D*
Hanhart, Kalashnikova, Nefediev, Phys.Rev.D 81 (2010) 094028



X atom: NREFT

S-wave T-matrix for 1¢J7¢ = 0*(1**) coupled channel: T(E) = V[1 — G(E)V]! R

Strong contact term: v — 00(1 1) Green’s function: G(g) = (JC(E) +Jg(E) 0 )
1 1 0 JO(E)
D+ D+ D+ A
Y. _
Jc(E) = He (—— + —2}LC(E—|— ’E,FC/2)) E = \/_ — 3.
€0 Co 2T T
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D D0 D
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Juy(B) =) L =T o
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X atom: NREFT

S-wave T-matrix for 1¢J7¢ = 0" (1™") coupled channel:

1 1 1
M) = o @ + @ + T (@] ()

D~ D
PN PR
> X O K >
D*— D*— o



X atom: Strong Energy Level Shift

S-wave T-matrix for 1°J7¢ =0*(1**) coupled channel:

1 1 1
T(E) = Cyt — [Jo(E) + J(E) + Jjp) (E)] (1 1)
Renormalization: ¢} =0, + A(uo + pe) /7

The X(3872) and hadronic atoms appear as poles of the T-matrix
Iy

X(3872) pole: E=-A-5-i ST =T, — T,
7 “Om+— A4 6—i— io‘ 1 N FE) B ol s’
Con = Z ~ 3 A+6-E, —4T'/2 2« e A’ AT A3/2

S-wave hadronic atom poles: E=-E4, — z%

. @)

0=C !+ 2o A~ E U\ _ ke aE Y o L
— R ?/_ —_— — —_
OR @ 27r 1o An 9 o HellAn “E. 1 E.

™3

n=



X atom: Strong Energy Level Shift

Strong energy level shift:  AE, = E4, — E,

20° 2\
—1—-74+0| N

n3+/2u.A
I, r

S-wave hadronic atom poles: E=-E,, — i =B, ~ AE, i~

AE, =

Ground state: n=1

3,,2

Binding energy: ReEa = By — ——2¢ ~22.92keV My = (3879.89 + 0.07) MeV

v/ 21 A

i ] 20
Decay width: T, +2ImEs =T.+ o
V 2k

D* — Dr,Dv,-++ T, = (83.441.8) keV
T, =

= (89.2 + 1.8) keV

A (X atom) — DOD*U(DOD*O) 2ImE 4; = 5.8 keV



X atom: Effective Coupling

The effective coupling squared is the residue of the T-matrix at the pole

D°D* - X(3872) X(3872) pole: E= A5
D(] 1/2 71
X(3872) gy = lim (E—|—A+5+i&> Ty (FE) = 2—7;\/2/,505 [1+0( 0 )]
9x E——A—§—it0 2 s Al/2

D*[}
I

DTD*~ — A, Hadronic atom poles: E=—-Ey4, - i

D+

r o’ o’ -
2 . . C . c
/ = 1 E+FE — | T11(F) = —1—— |14+ O
>:Lv:m Ay 9 A1 str E%—Ii?rj}—i%( + Lig1+ 2 2 ) 11( ) 7 A |: + ( A )]
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X atom: Production

Production in exclusive B decays:

:@:z + 3+ 3 3+

X(3872) [/

. Qr’JJj
ll N qX

B* - (DD*),K* - A44K* B’ — (DD")} K" — XK°

A A
AB+—>A1K+ — AE;+)_>(DD*)+K+GC(A7 E)gAl,Str Ap_xg0 = AJ(BUL(DD*)RKUGO(A1E)QX
 pA oy A . 1 7 ST A
Go(A, E) = = - {111 s + In(iz) + Sim Y(—iz) — v Go(AE) = — 5 T o (\/—ZucE — ze)
a0\ 1 1 0m 0\ |50 0 Kong, Ravndal, Nucl.Phys.A 665 (2000
(DD ) = NG (|p"D™) - | D" D)) e I (z) g y (2000)

T=——=  Y(z)=
(DDY),) = %UITLD*_) — |D~D*) vV 2ucE I'(z)

" - . s.d d.
Factorized amplitudes:  Ap: 4,5+ = A5S, (ppy x+9gar s Apoxxo = Al
Braaten, Kusunoki, Phys.Rev.D 72 (2005) 014012

. s.d
=[50

(DD*)UJFKOQX

Isospin symmetry:  |[A¥op, k- (DD Ko



X atom: Production

Production in exclusive B decays:

‘(DD*)(JJr> _ %(‘DOD*O> B ‘DOD*O>)

K+t
1
‘(DD*)+> = E(|D+D*> — |D’D*+>) B — (DD*) K" — A K™ B - (]_)D”‘)0 K -5 XK©

Factorization amplitudes: Ap+ 4,5+ = ABM(DD*) K+ 9ALstr Aprxgo = ABoﬁ(DDmKoQX

Isospin symmetry: AR oD x| =

Lower bound on the X(3872) binding energy:

Tpoaks  |9arsul ;. 0.25¢V

RF = ~
I'poxxo l9x|? Ry

Production in inclusive pp collisions:

do |2 0.25 eV
R, wohty —lgAl’St | § ~ Rze Rr~R,>1x107"

(o)

doypxy  |gx|?



X atom: Decay
Constituent D* decay: D* — Dm, D+, - -- I'. = (83.44 1.8) keV

Decay into neutral pair: A (X atom) — D°D*(D'D*) T, =2ImEy,; = 5.8keV

Decay into J/ynm & J/yrtn x° (like the X(3872) ) A — J/¢mm, J/4prtn o

Brexp

Ratio of branchings for the x(3872): XE I _ 0.8+ 0.3

SXP
[X(3872)%J/¢1r+7r ]

I . gix J
Isospin breaking: Rx = [X(3872) > J /¢p

= 0.26 C. Hanhart et al. , Phys. Rev. D 85 (2012) 011501
9[X (3872)—J /1pw]

DT D*” atom (A): my4 = 3879.89 & 0.07 MeV

9[A—J [4p]

Isospin breaking negligible: |D*D*") = %(u =1)+[I=0)) Ra= =1

9IA—=T /4]

The phase space of the D* D*~ atom is larger than the phase space of the x(3872)



X atom: Decay

n ™
A P ,,f” A w /,"
. ST " T
MNYVW ) ﬂ Mﬁfwv : W
J /0 S/
A — J/Yrm A= J/prtn

C. Hanhart et al. , Phys. Rev. D 85 (2012) 011501
O. Kaymakcalan, S. Rajeev, and J. Schechter, Phys. Rev. D 30, 594 (1984)

E. A. Kuraev and Z. K. Silagadze, Phys. At. Nucl. 58, 1589 (1995)

Effective couplings: g, — J42Mvel _ g XTI _ o5 g
G AT /] 9[X (3872)—J /1pw] 5o =0.8+0.3
[X(3872)—J /¢pmta]
: : Bris_,; Br(x(3872)— 1 /ipmr
Ratio of branchings: AZTm 334 XEST2) /v _ .91
TTA—J /it n0n] Br[X(3872)—>J/1/)7r+7r07r*]
Bria_ g /pma] Brx(3872)—.J /pmr]

~ 3.69
Br[A—>J/1/)7r+7rU7r_] Br[X(3872)—>J/1,b7r+7r07r_]




X atom: Decay

Do J/'Lb
X (3872) T
gx
"B p

X(3872) — J /4w

Factorization amplitudes : Ay s = garswe A DDe, sumel Ax(3872) 7/ = 9X AT DD 1

@[A—>J/1/)7r'*'7r‘7r0]

Ratio of phase spaces : = 3.76
P (X (3872)—J /¢nt 7 a0
: ; I A—J /yrtr— 70 g A1l str 2 P A—J/yprtr— 70 _
Ratio of decay widths : Asdjyrr ) _ | t2| il L >3.76x10°3
F[X(3872)—>J/’gb7r+7r‘7r0] |9X| (I)[X(3872)—>J/¢7r+w‘170]
Br - Br - [} .
[A—J [prer] ~ 365 [X(3872)—J /] [A—J /prn] >137x1 0-2

Brig_j/prtnon] Br(x(3872)—J /yprt 707 L' x (3872) .7 Japrer]



X atom: Results
(a) Binding Energy and Decay Width for the X Atom

0!3y,2 2(]3[1,2
ReEyq = E; — ¢ ~22.92keV I'.+2ImEgq =T, + € —(89.2+ 1.8) keV
v/ 21 NATTIAN
My, = (3879.89 £ 0.07) MeV I'c=(83.4£1.8) keV

(b) LO Effective Couplings

Do D~ 3
21 9 T
X (3872) g?X = —/ 200 Ay gaLstr] = ——
2 GA1 str A
9x Ko Sk
D

D*[]

(c) Lower bound on the X(3872) binding energy

0.25 eV Thak: Aoy 4, _
52 2e RI‘E—B A1 K RUE—JPP Aty 5:mDu—b—mD*o—mX RFERGR]-X]-O 3
Ry, I'po s xK0 doppsX+y
. . B B
(d) Ratio of decay widths PAST/rn] g e PTIX(8TY) g
Br[A%J/xbw*w“r] Br[X(3872)%J/1,D7r+1r07r*]

F[A—)J/wﬁ+7r_7fn] I [A—J /3]

> 3.76 x 103

> 1.37 x 102
Ui x(3872) =7 jopm 2] L x(3872) 7 /yomer]



X atom: Summary

limit on the binding energy of the X (3872).

» If the binding energy of the X(3872) is measured, the lower limit gives a

criterion on the x(3872) nature.
» From more and more events collected at the PANDA and LHCb

experiments for the x(3872), we can except the signal from the X atom.
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