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X atom: Introduction 5=y -z~ 002019 Mev AN

] ] . 1
: ~ >10f
Typical size of the X(3872) at long distance: rx T 2 m |
Typical size (Bohr radius) of the D*D*~ bound state: rB= o= 27.86 fm
po= =P o= TR Sy = mpy 4 mpo B, =mp +mp = (3879.91 £ 0.07) MeV
] ] ] 2 _
Coulomb binding energies: —g, — - He _ —E1 2581 keV
2n2 n? n?
X atom: The ground state -~ (jp*p*) - |[p p**)) atom with C = +

V2
Scale separation: rpAqcp > 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 /ipnr, - -
The strong interaction is nonperturbative due to the existence of the X(3872)

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

Zhen-Hua Zhang, Hadronic atoms 2/25 17/02/2022



X atom: Introduction

Make use of the zero signal to: L
[5.26 < mypy i+ < 0-3pGeV/e2 LHCD 1

. - I~ -

» Put a lower bound on the X(3872) binding energy . ;
O + B
» Glve a criterion on the X(3872) nature

0.6

0.4F

Scale separation: rgAqcp > 1; Nonrelativistic effective

Candidates/(1.25 MeV/c?)

0.2+
- e - At -o-—-L 2+

field theory (NREFT) applicable AES 386 387 385 3 39

My et m— [GeV/CZ]
Approximation: Isospin-1 strong interaction neglected | b, 3. High Energy Phys. 08 (2020) 123

» No 1sovector state was found

9Xp

_ +0.08
Ixe 0.26 2 05
w

» |Isospin breaking in the couplings is small

Hanhart et al. , Phys. Rev. D 85 (2012) 011501
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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 - )gb

¢=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
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X atom: NREFT

S-wave T-matrix for 1977¢ = 0" (1*") coupled channel: T(E) = V[1 - G(E)V]™

7 : c E E
Strong contact term: v = 00(1 1) Green’s function: ¢(g) (J (B) +Jw(E) 0 )
L1 0 Jo(E)
D+
2A
J(E) = £ (—— + 4/ —2u.(E + irc/z)) E=+/s-%,
L&) Cp 27{- ’)T
D*_
D[J
2A
>‘-. .I< J(](E) = Ho (— + \/—2[.1,{)(E—|— A+ 2P0/2)) A= z)C _ 20
f-[}‘h___f‘f-ﬂ 27 w
D»r(]
2o W) 3,3 1

I'.=Ip:, T'o=TIpw
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X atom: NREFT

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

1 1 1
M) = o @ + @ + T (@] ()
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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: ¢} = ;" + 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’ A7 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=
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X atom: Strong Energy Level Shift

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

20° e\
—-1—-71+0| o N

n3+/2u.A
I, L.

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

AE, =

Ground state: n=1

. . 3,,2
Binding energy: ReEu = B, — —— ”CA ~22.92keV My = (3879.89 £ 0.07) MeV
V 2
. ] 20
Decay width: T.+2ImEsy =T, + ——= = (89.2 4+ 1.8) keV
v/ 20
D* — Dn,D~,--- T. = (83.4+1.8) keV
A (X atom) — DOD*U(DOD*O) ', =2ImE 4 = 5.8 keV
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X atom: Effective Coupling

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

DD — x(3872) X(3872) pole: E=-A -5

D(]

FO 2T 51/2 -
X(3872) gy = lim (E—|—A+5+z’—) Ty (FE) = — V24100 [1+0( )]
gx B——A—6—i-L 2
D:p[}
L.

D*D* — A, Hadronic atom poles: E=-E,, - i

D+

r o’ o’ -
2 . .Le . c
/ = 1 E+FE — | T11(F) = —1—— |14+ O
>:Lv:m Ay 9 A1 str E_)_EIE_Z_%( + Lig1+ 2 2 ) 11( ) 7 A |: + ( A )]

DH-'
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X atom: Production

Production in exclusive B decays:

:@:z + 3+ 3 3+

X(3872) .

Do Or’JJ—FI
s Ik
' 1
1
A} ,‘
BY —————— .
Sl D*[J

KD

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

A
~AB+—>AlK+ — AE;+)_>(DD*)+K+GC(A3 E)gAl,Str Ap_xg0 = Agz)_)(DD*)gKoGO(AaE)QX

_ peA B ap A i N B plA ol 0 .

Ge(AE) = 2 - {111 p + In(z) + 97 Y(—z) —ve| Go(AE) = — 3 + Py \/—Z#CE— i€
o\ 1 0 7*0 A0 y*0 Ofhe / Kong, Ravndal, Nucl. Phys. A 665 (2000
|(DD)+>_\/§(‘DD > ‘DD >) 7 — I‘(a:) g, : y ( )

_ ;Lc Y(z) =
(0D),) = (0D - |p-D) Ve e

Factorized amplitudes:  Ap 4,1+ = A3 ,(ppr) &+ 9A1ste Apo_ xxo = A?éﬁl;(m*)g 09X
Braaten, Kusunoki, Phys. Rev. D 72 (2005) 014012

. s.d
= 45

Isospin symmetry: A% oo« S
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X atom: Production

Production in exclusive B decays:

‘(DD*)(JJr> _ %(‘DOD*O> B ‘DOD*O>)

Kt

(DD*), ) = %UD*D*) — |D"D*")) B" - (DD*), K" — 41 K™ B — (DD*)° K® — XK°
Factorized amplitudes: Api 4 k+ = ABM(DD*) ki9Aa1str Apxgo = ABO_>( DD+ 09X
Isospin symmetry: AR oD k| = \A;'L(Dp*ﬁ K0

Lower bound on the X (3872) binding energy:

2
R — Upioak+  |ga1st] 5. 025V
r = = — ~
I'po, xKo l9x|? R?

Production in inclusive pp collisions:

d o|? . _
R, O Aty —lgAl’St | § ~ 0 2}2;\[ Rr~R, 21x10 3

(o)

doypxy  |gx|?
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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, = 2ImE 4, = 5.8 keV
y

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

Brexp

Ratio of branchings for the X(3872): —a@=/Rmr 7 _ 11404

exp
T x(3872) +J /]

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] _q

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

The phase space of the D" D*~ atom is larger than the phase space of the Xx(3872)
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X atom: Decay

A MNYi\M”’” 4 MYSN\A:’:::" T
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)

Br[X(3872)—)J/¢7T+7T77TO]

Effective couplings: g, = 242790 _ 1 g, — JXCE2IA ) o6
GIA— T /4w 9[X (3872)—J /1pw]
: : Br o Br o
Ratio of branchings: AnTivm 334 = X(3372) =y
TTA—J /it n0n] I'1X(3872)—~J /ymtndn]
Briassymm 3 65 Brx(3872)—.J /pmr]
Br[A—>J/1/)7r+7rU7r_] Br[X(3872)—>J/¢7r+7r07r_]
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=1.09
Br(x(3872)— 7 /g ]
BrP L
[.2(353872)%J/¢7r 0] — 11404
Bri.y

[X(3872)—J /ymt7]

= 0.91
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X atom: Decay

Do J/

X(3872)
gx '\
D*O w

X(3872) — J/ypw

Factorized amplitudes : Ay = garsudipp, e Apxsm)osim) = IXA 5090 7 /0

P [A—J /yrta 70

Ratio of phase spaces : = 3.76
P [ X(3872)—J /¢t 7 7]

] ) PA J/Ymtr— a0 g A1l str 2 (I)A J/Ymta—n0 _

Ratio of decay widths : ————"" "™ — 94 t2| ATl > 376 x 1073
F[X(3872)—>J/1,b7r"‘7r‘7r0] |gx| (I)[X(3872)—>J/¢W+W‘7TU]
Br - Br - r .
(A fymm) 3 65 (X (3872)—J /4] [A—sJ /prr] > 137 % 10-2
Brig g /gt non] Brix(3872)— 7 /g x| L' x (3872) .7 Japrer]
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X atom: Results
(a) Binding Energy and Decay Width for the X Atom

0!3y,2 2a3u2
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 Ak . -
o~ 2e I‘EM RUEM d =mpo+mpo —mx RI":RGZJ].X].OS
Ry, I'po s xK0 doppsX+y
- - B B
(d) Ratio of decay widths AT g g5 —— KOSy
Brig- g /gmtn0n-] Br(x(3872)— 7 /g n07-]
r T
L x(3872) 7 jymn) T x(3872)—J /yorer]
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Dionium: Introduction S. Prelovsek et al. , JHEP 06 (2021) 035 ).
LQCD calculation of the DD & D, D, scattering indicates a possible DD bound Ryz=g

state with J7¢ = 0"+ and a binding energy of Ep =2mp — My, = 4.0730 MeV
y 3.7

Dionium Ap:p- : The ground state |D'D~) atomwith C =+ = m;ﬂ pe = 22
. . . 2 .
Coulomb binding energies: —2, = -7 = n—’fl __ 24-156‘7

Bohr radius of the D"D~ bound state: rs=—— = (6.82MeV)™" = 28.91 fm

Qphe
Scale separation: rgAqcp > 1, strong interaction between D*D~ is a correctiom
Effects of strong interaction at LO:
(a) Energy level shift: AES™ ~ 0(a®) (b) Decay modes: D°D’, ..
The decay width of the dionium is much smaller than the X atom and the dionium is

more likely to be detected.
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Dlon I u m : N R EFT E. Braaten, E. Johnson, and H. Zhang, JHEP 02 (2018) 150

DD’ — D D~ Coupled-channel system: thresholds £y = 2mp., 3. = 2mp ;

LO strong scattering amplitude: T, (E) = V&, + Vi, GME) Ty (E)

. ' Ca C(ICCI_CCI
Contact potential: v, = - " "o e~
2 Coa — Cia Coa +Ciq

C. Hidalgo-Duque, J. Nieves, and M. P. Valderrama, Phys. Rev. D 87 (2013) 076006

GME) 0 )

) . Green’s functions:G*(g) = (
0 GME)

oA 0
GME) =22+ Jy(E), Jo(E) = 52\-2p0(E + ),
2 2
A peA apl (A ap; 1
GAE)=—— ——|In——ye|+Jc(E). J(E)=~ Inn+-——-v(-n)
T~ T e 2n
Kong, Ravndal, Nucl. Phys. A 665 (2000) n= ke _4d
\/T[,LCE Y(z) dz InT'(z)
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Dionium: NREFT

LO strong scattering amplitude:

1 1 1
+ Cla CDa o Cla ) . (Gl[} (E) )
1 1 1 A
Cla COa + Ola + 5 GC (E)

CDa

T,U(B) = (Vi) —GAE) =3 (C'h
- (’LU+ — JU(E)

_w_

wy — J(E) + O( A";‘;; ))

& counts the isospin breaking effect and absorbs the logarithmic UV divergence

T, (E) 1 [wy—J(E) w_
S - - ]
det w_ wiy —Jo(E)

- |
Renormalized constants: Wy

det = [wy — Jo(E)] [wye —J-(E)] — w2

1 | 1 1

DD S-wave scattering lengths:

= +
R R’
2Cla 2C0a

W-=""®% T 5~R
2C1a 2C0a

4
2n wi — Jo(=A) R _ T
To(E=-A)=——(ap+ay) = : =, Cla = - )
500 ( ) 1 (ao 1) wi [wy = Jo(=A)] — w2 1+ %(ao —ay)Je(=A)
2 wW_ —1Z g,
T (E=-A)=—-—(ap—a;) = —, CR ~ ik .
so1 ) I (do X wy [wy — J(=A)] — w2 - 22 (ag — ar)Je(=A)
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Dionium: Ground energy level shift

The dionium with a binding energy E, is the lowest pole of T,(E): det|g=—£, = 0.

Separating the ground Coulomb pole from J.(E) :

2 3,3
oL 1 1 L
J(E) = — Inn— ————4+2—-9Y2—-n)| +

(E) T |:n17 2n  n+1 Yz =) 7|E — (—E1)]

LO ground energy level shift : gy it = £+,

R = wo (}'3H§- W+(l — R) - 1'51—2 2M0AR ((}’5/,1?./2
2 o |2 ' = . > -+ 7
wi+ (55) 2u0A T wi(l=R)2+ (£2)" 2u0AR? A
Expressed in DD scattering lengths: b o Blanran + (a0 = a2 (=)
dapa |
Decay width of Ap-p- — D°D’ L _Zmlao—a) + (a5 —ap)Je(=A)
4apaq ’

2a'y £LR\2p0A

H Towl(1=R)2+ (£2)° 20AR>
+ 2 HO
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Dionium: Ground energy level shift
In the presence of a isoscalar DD bound state while no isovector bound state,

| 11
I I R — - . =
LO strong scattering amplitude for ¢; =0 : T 2 0B T (1 1),
=~ 2
DD bound state pole at E= —A - Eg=-Ap ! 5 ~/o(E=-Ap) ~Jo(E=-Ap) =0
Oa

o g—fr\/ 2uoEp + J.(—Ap) —ig—fr\/Z,ugA
" [’2“—; V2 Ep + Jc(_AB)]2 + (”—,‘;)22qu
Binding energy of the DD bound state from LQCD: £ = 4.013) Mev

1 tr T
LO strong energy level shift:  ae" i =-Ei+ B =

Binding energy and mass of the dionium: Rek, = £, - AE" =~ 22,903 kev, my,,, = (3739.3 +£0.1) MeV
Decay width of Ap p — D°D’ : Iy = 1.8 kev

Effective couplings: D'D™ — Ap-p g& = lim (E+E)Tm(E) ~ (3234 - (3.540) ] x 107 Mev~!
E——FE\

_0 _
D'D — (DD)molecule g = lim (E+Ap)Ti(E) =~ (3.9t‘2§)x10—4 Mev™!
—-Ap
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Dionium: Production in pp collisions

The cross section for dionium production
F.-K. Guo et al., Eur. Phys. J. C 74 (2014) 3063

ma. ..
O'[AD+D— + all] ~ mD+D’I’I'LDD ‘GQ(E)QS&

2(do[DTD™ +all]\  4rp,
dk

L2
MC
P. Artoisenet, E. Braaten, Phys. Rev. D 81 (2010) 114018

The general differential Monte Carlo cross section for the D* D~ pair production:

1 1 Bk
da[D+D_ + all] MC EKD+D_ﬂ_uX Z /d¢[D+D—+all} |M[D+D_ + all] |2 (Zw)lg’zzc

all
Kp+p- ~ 1: Difference between MC and experimental data

(da[D 7 +a11])MC from MC generator - PYTHIA8 with CMS parameters

1.4

P. Artoisenet et al.(CMS), JHEP 04 (2013) 154 o] 5 pythias
» pp collsions with /s, =7Tev
_ 1o
doID'D1\ 5oy 06— (K/ue)” > Full QCD 2 — 2 process 8.5
dk N Spp(mMp+ +mp-) S o

» Transverse momentum
10 < pr < 50 GeV

o
»

o
(N

0.00 0.05 0.10 0.15 020 0.25 0.30 035 0.40
k [GeV]
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Dionium: Production in pp collisions
The cross sections for pp — App- + all with different cutoffs in G2 (E) at CMS

TABLE I. Order-of-magnitude estimates of the integrated cross section for pp — Ap+p- +all at \5,, =

7T TeV with 10 < py < 50 GeV. In the first row, A is the sharp cutoff used to regularize the Green’s function

in Eq. (9).
A (GeV) 0.5 1.0
o(pp — Ap+p- +all) (pb) 1] 49476

At CMS, /spp =7TeV 10 < pr <50 GeV, olpp — Ap-p- +all] ~ O(10 pb) = olpp — X(3872) + all] ~ O(10 nb)
P. Artoisenet et al.(CMS), JHEP 04 (2013) 154
~ O(1073)  oxas7)Br[X(3872) — J/yata~] = (1.06 + 0.11 + 0.15) nb
R. Aaij et al.(LHCD), Eur. Phys. J. C 72 (2012) 1972
At LHCD, vsp =7TeV | 5 <pr <20GeV | rapidity 2.5 <y <45
ox (3872)Br[X(3872) — J/ynta ] = (54 + 1.3 +0.8) nb

Long-distance part of the production of both the X(3872) and dionium is universal

olpp — Ap+p- + all olpp = Xatom + all]
olpp — X(3872) + all]  o[pp — X(3872) + all]

(mm ) N ((TAM ) olpp — Apip + all] ~ ©(0.1 nb)
CMS LHCb

TX (3872) 0X (3872)
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Dionium: Production in p2 collisions

Scattering amplitude for pp — Ap-p-: p() e
\/SmAD+D— Mp+Mmp- Gé\gstr >3 O ,+= T A

My, = iMistMps D D-

dmprmp- p(p") HD_
pp Initial state interaction: |Mg|* ~ 0.2 Y. Dong et al., Phys. Rev. D 90 (2014) 094001
p(p) _-D7 (k)
. _ . =g
Estimate of the pp — D™D~ amplitude:
iF% i K
iMppspep- = =0 (p')9:7° = == 907 u(p) +0(mg?) .
p(p’) DT (K"

NX.D coupling from the flavor SU(4) model: g; = 2.69 R.Shyam, H.Lenske, Phys. Rev. D 93 (2016) 034016
A
2
-k —md | + Al
Cross section at /spp = ma,,, :

Form factor: rFi,-=

y A1 =2.0GeV S, Sakai, H.-J. Jing, F.-K Guo, Phys. Rev. D 102 (2020) 114041

1 B2 —ml)|Msi|”  ma,., 9:F5 2
oot > Apes] - My [ = — B2 s 955D | g,
I‘AD*D* \/S/\(S’ mig’ mj%) FAD*D* \/SA(S’ mj%" m}%) DDy,
BI‘[ADJer — DODD] ~ 1 'y, ~TI7~18keV Az, y, z) 55132+’92+Z2 — 2zy — 2yz — 22z
DtD-
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Dionium: Production in p?2 collisions
The cross sections for pp — Ap+p- with different cutoffs in ¢2(E) at PANDA:

TABLE II. Order-of-magnitude estimates of the integrated cross section for pp — Ap+p-. In the first row, D+

the cutoff A originated from the regularized Green function in Eq. (9). »(P) AN .

A (GeV) 0.5 1.0 >§ /¢= ====
o(pp = Ap+p-) (ub) 0.002+0:013 0.1+92 p(p") ) “D_* g

PANDA events at /5,5 = 3739.3 MeV 0.04 x 108 2.0 x 10®

The integrated luminosity of PANDA at /s, = 3872MeV |s about 2" in five month.
G. Barucca et al.(PANDA), Eur. Phys. J. A 55 (2019) 42
Assume the integrated luminosity is same at /s,; = 3739.3 MeV

Reconstructing through the reaction chain ps — Ap:p- — DD’ — K n"K*7
O'[pf) — Apip- — DODO] = O’[pﬁ — AD+D—]BI'[AD+D— — DODO] ~ O'L'pf) — AD+D—] Br[Ap:p- — DODD] ~ 1

Br[D'D’ — K 7K 7| ~ 4% 0(10° ~ 10%) events at PANDA!

P. Zyla et al.(PDG), Prog. Theor. Exp. Phys. 2020 (2020) 083C01
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» We show that the null signal of the X atom can be used to put a
limit on the binding energy of the x(3872) .

» We estimate that the cross section of the production of the dionium
should be of ©(0.1 nb) , and thus the observation of the dionium at LHCDb

IS promising.

» We expect the dionium can be detected at PANDA, because there can

be o@10® ~ 10%) events of the reaction chain ps — 4p:p- - D°D" — K7t K+ .

Thank you for your attention!
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Line Shape of the X atom

3,,2

Binding energy of the X atom: Exi~ReEy = E, — —F¢_ ~ 22.92keV
g gy XA € LUA1 1 \/m e

20° 2

Fxa~T.+2ImE sy =T+
v 2uA

Decay width of the X atom: = (89.2 + 1.8)keV > Ex4

The line shape of the X atom is more like the line shape of the Toponium.

L 500
= O | |
[oR
— Eoomg = 175 GeV 400+
c 98 4oMy) = 0.118
S 0sf 4 NE‘-E: 300f
w L
¢ oaf = & 200f
S f 1
— p.o= — 100
(o] - — 1
s f'/ 1 e ]
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Figure 4. Neutral-wino elastic cross section og_yp as a function of the energy E. The cross section

Fl!‘):' 4. The total cross section vs. energy, E= \/: — 2my. The solid curve is calculated for M, = 2.39TeV is shown for o = 1/137 (solid eurve) and for o = 0 (dashed curve). The S-wave

from the Green function. The dashed curve shows the tree-level total cross section for a
stable top quark.

unitarity bound is shown as a dotted curve.

Total cross section of the Toponium. Total cross section of the Neutral-wino.
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FIG. 3 (color online). Residue of the D°D* scattering ampli-
tude squared versus the binding energy in the D’D*" system. The
upper, red (lower, blue) dotted curve corresponds to the solution
of the single(two)-channel D°D* problem with the contact DD*
interaction. Solutions of the full three-body equation with dy-
namical pions are given by the solid lines: upper, red line—for
the single-channel case and lower, blue line—for the two-
channel case. The straight dot-dashed line (black) is shown to
guide the eye.
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Single Channel  D°D*

Coupled Channel D°D* DTD*

In addition, we found that the residue for X — DD* is
weakly dependent on the kind of pion dynamics included.
Especially, the dependence of the residue on the X binding
energy is very close for a fully dynamical calculation and
for a calculation with a contact-type interaction only. A
deviation between the coupled-channel and the single-
channel treatment is clearly observed but with the larger
effect for binding energies beyond 1 MeV.
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THREE-BODY DD DYNAMICS FOR THE X(3872)
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FIG. 5 (color online). Production rate (in logarithmic scale) for
the three calculations as described in the text: (i) solution of the
single-channel problem in the static limit—(green) dot-dashed
line; (i1) solution of the single-channel dynamical calculation—
(blue) dashed line; (iii) solution of the full two-channel dynami-
cal problem—(red) solid line. All curves are normalized near the
DYD7 threshold, located at E = —7 MeV. The inlay shows a
zoom into the peak region in linear scale.
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The most striking effect of dynamical pions is observed
in their impact on the X line shapes: in the fully dynamical
calculation the width from the DD intermediate states
appears to be reduced by about a factor of 2, from 102 keV
down to 44 keV, assuming that the X(3872) corresponds to
a resonance state with a peak at 0.5 MeV below the DD*
threshold. Stated differently, by using the naive static
approximation for the DD intermediate states one over-
estimates substantially their effect on the X width.

On the contrary, the effect of the coupled-channel dy-
namics on the X width turned out to be rather moderate,
which can be attributed to the fact that both the real part of
the resonance pole Ey and the X width I'y are small as
compared to the separation AM between the neutral and
the charged thresholds.
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