Attributes of molecule-like exotics in the heavy sector
- Interlude on EFTs

- The “Exotic” Spectrum X (3872),Y, Z, ..

- Observables that test the molecular hypothesis in
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o X (3872) — D %) gcattering

o X (3872) — ¢ (25)y

o 1)(4040) — X (3872)~
o 1(4160) — X (3872)y

- (Example of a thing that is probably not a molecule)

- Candidates for molecules in the b-sector
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Examples of Effective Theories

® Newton’s laws
® Thermodynamics
® Fluid Dynamics

® Gravity

® Quantum Electrodynamics

® Standard Model of Nuclei and Particles




Attributes of Effective Field Theories (EFTs)
Utilize separation of scales => create small parameter

Based upon underlying (perhaps approximate) symmetries

Reliable error estimates from order of calculation

Systematically improvable

May be used to probe unknown underlying theory

May be used to simplify calculations in known theories

Typically contain unknown (by the EFT) coefficients that
have to be fixed via experiment or other means

Coefficient fixed from any exp for which EFT is valid true
for *all* observables in that EFT

Typically valid only in a limited energy window



An Effective Quantum Field Theory
for low energy light-light scattering

Scales: ), ~ 511 keV B, <<

Symmetry: Lorentz invariance [H = Fg etvP
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solution to QCD, use EFT ...,,,\i
=> contains predictions
of QCD as a subset

DY meson =

Symmetry (group) structure
works for ground states,
but we need dynamics for

excited states




Limits of QCD where symmetries are enhanced
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Collect into Supermultiplets
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Mass - MeV Mass - MeV Width - MeV

pos = Y (4660 48 Belle
(Vﬁlldth MeV) Yf4630 92 Belle

+ Z(4430) 107 Belle

Y (4360 6 Belle, Babar
zizases VS 13 Belle
_4292-4337

Y(4274 32 CDF
Y(4260 95 Belle, Babar, Cleo
+ Z(4258 177 Belle

4194-4217

o(hadrons)/c(up)

4140 CDF

X(4160 Belle
v

4064, 4100
4092-4097

+ Z(4058) Belle

Y(4008) Belle
3916-3979

2P, X§3940 Belle, Babar

Z(3930 Belle, Babar
X(3915 Belle, Babar

X(3872) Belle, Babar, CDF

3819-3849

1D,
3772 130°:
fﬁ (27) DD Breakup
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Godfrey / Isgur

3686 2°s, K. Seth, Prog. Part. Phys 67 (2012) 390.

CHARMONIA EXOTICS?



Y (4660) X,Y,Z states from Table 9,
X (4630) Brambilla et al. 1010.5827

Y (4360) Z(4430)"
Y(4260) X<435O) Y(4274> Z2 (4250)—1—

X (4160)
Y (4140) Z,(4050)

Y (4008)

X (3940)
X (3915)...

X (3872)

DD(3730)
JjPe 17— (1t) o/2tt g/2ft 77+




Techniques/Descriptions/Strategies

QCD Sum Rules

Non-relativistic QCD
Heavy Quark Effective Theory

Heavy Hadron Chiral Perturbation Theory
X-EFT Lattice Potential Models

Mixtures

Molecule Baryonium

Tetraquark
Hybrids Coupled channels

Hadrocharmonium



Molecules: do the constituents retain their identify as hadrons!?
(more details in the X(3872) section)

X (3872)
X (3915)

Y (4140) BGL

DD, 4(29) fo(980) AN, TKGO
Y (4260) AeAe, Xeops Xerw, Dy D Q,LZL,YWM,R

7(4430) " D** D, LMNN/BGL
X (4630) (2S) fo(980) GHHM
Y (4660) (25S) fo(980) GHM

BGL=Branz,Gutsche,Lyubovitskij LMNN=Lee,Miharo,Navarro,Nielsen
TKGO=Torres,Kehmchandari,Gamermann,Oset = AN=Albuquerque,Nielsen

Q=Qiao LZL=Liu,Zengli YWM=Yuan,Wang,Mo R=Rosner
GH(H)M=Guo,(Haidenbauer),Hanhart,Meissner




X(3872) as molecule
1

7 (DD + D" D) X(3872) — J/ipy = C = +

S-wave X(3872) — nwta~ J/v

I' < 1.2 MeV
Isospin issue:

NX — J/yrtn—n"] Belle 201 | PRD 84, 052004
NX — J/yrtn—] Hanhart etal 1111.624]

PIX — J/vw
X — J/yrTn—]

= 0.8+0.3 BaBar 2010

JEC =11 Tor 27" multipole question

M Ho pox — mX(3872) = 0.16 = 0.33 MeV




Like the Deuteron? Systematic NN treatment: NN EFT (no pions)

Only now it is an infinite sum of (DD* 4+ cc) or ( B B™ + cc) etc.

><=><+> ><<><;<

1
—a +ia’p + = 5 (a3 — a27“o)p 4] does not converge

(15«0) N 1 a(Ssl) N 1
8 MeV 36 MeV

Both S-wave scattering lengths anomalously large => momentum
expansion fails => reorganize to treat C’s nonperturbatively

NN system: a

with effective range:

EM effects easily included



Evidence that pionless EFT works in strong and EM sector
Chen,Rupak,Savage nucl-th/9902056v4

NN scattering phase shift:

k (MeV)
FIG. 1. The phase shift dg as a function of the center of mass momentum |k|. The dashed
curve corresponds to (560), the dotted curve corresponds to 5(()0) —1—5(()1), the solid curve corresponds to
5(()0) + 5(()1) + (562), and the dot-dashed curve is the Nijmegen partial wave analysis [35].

:EM form factor of deuteron

1 60 260 360
q (MeV)

FIG. 3. The form factor A(q?) as a function of |q| = \/—¢q?. The dashed curve corresponds to
the leading order prediction, the dotted curve corresponds to the next-to-leading order prediction,
and the solid curve corresponds to the next-to-next-to-leading order prediction, in EFT (7).




X-Effective Field Theory: Fleming, Kusunoki, Mehen, van Kolck

D HHYPT
S

X (3872)

oo-sum, XEFT
D>l<

Factorization theorems: Braaten/Kusunoki/Lu

71 D 71 Y (2AR7 2
Rate = 3 Z| 0|f A (VIP+1T P)|A(.3812,/\)>|_ 2
X (phase space) X |C (DD* — f) |
Universal shallow-bound-state properties from effective range
theory: Braaten/Voloshin...
J— | v ~ 20 MeV

Ypp«(r) o« — 2Qup-pa?  (r) ~ 12 fm




X (3872) — D) scattering Canham/Hammer/RPS

R _
IF X(3872) ~ E(DOD "+ DD

myx = (3871.68 £0.17) MeV Bx = (0.16 £ 0.36) MeV

a~' ~ \/2uxBx

> Y] (i@t | v )wj + AXTX

_ 2mj
j:DO,D*O,DO,D*O

—% (XT (Y pothpeo + Pprotipe) + hoc) 4

Integral equation: % - /4 %

Results depend only on scattering length

Apoyxy — —9.7a ApH*0xy — —16.6a




Three body cross section vs scattering length

— D-X (L=0)

— D -X (L=0)
_—. D-X (L<7)

D -X (L<7)

] ] | ] ] ]
0.5
k[1/a]

o

LHC possibilities: B, ~ 10" per week

BB final state interactions
o(bb) ~ 0.4 mb o (bbbb) ~ 5 fb




X (3872) — (25)y factorization XEFT 4+ HBChPT

5

Mehen/RPS
/ DO P (25)
1~ 356 MeV

Hu, Mehen b)

go ~ 2 GGV_3/2 —x(

D

Guo et al.,0907.0521
1002.2712

) d)

DO
913 \ - gz —  _
L = —T1[HTH15’-BQ11] +c.e. +-213T1~[J*H10 o Hi] + h.c.

E’Cl

Hi Te[J'H,5 - EH,] + h.c. J = (n.(29),%(2S))
H, ~ (Do, D); a=1,2,3

[(X(3872) — 1(25)7)

> 0.03 (BaBar, PDG)

['so
"l — T(X(3872) — ¥(25)7) > 0.04 MeV



dr
. - ‘||’ ','|+ —_— ‘ 2
® Polarization ¥(2S) — (t(~ | 7—5 x1+acos"f

(25)

contact interaction constituent decay

1) g2 < ¢ d) only ii) g28 > ¢; a-c) only b) dominate
o 4B

T 4B + (2Ey + A)2(Ey — A)?

Polarization measurement would shed light on
relative importance of decay mechanisms

= 0.92




® Longitudinal Polarization (o < —0.5) for —3.5 <A <5

@ X(3872) as 2" : a = 0.08




e ete” — 10(4040) — X (3872)y (BES?)

1)(4040) produced with polarization transverse to beam axis (LO)
same (crossed) graphs as X (3872) — (25)~

1.0

do

d cos

x 1+ pcos™ 0

{) - angle from beam axis

3¢y
A= -
G203+

@) .]P("' — 2_+ predicts P = .03

molecule predicts p ~ —1/3 for most of parameter space




b (4040) — X (3872)~

g2 — go2; C1 — Cq

B, ~ 165 MeV

Suppose g-like terms dominate:

IM(X)|? > 0.09 GeV?
from I'( X (3872) — 1(25)~)

(§2)? < 0.63 GeV >
from width of 1(4040)
(§2)? ~ 0.17 GeV 3

from quark model hep-ph/0511179

1 (4040)

= Tp(4040) — X (3872)]
~ (0.005 — 0.02) MeV




b (4160) — X (3872)~

TL(ZS_H)LJ — 13D1 JPC — 1

. 1 3 o o ) .
JZJ:§ g( @w3_|_03¢2_§5’t]0—.¢)_|_...

[,:igTr JIHT o9 HT gTr [JijﬁTUiEjHT]

Preliminary
Margaryan

Mehen
RPS




An example of possible “exotics ” that appear not to be

molecules




2360 = DK

SRARAKK

2470

D, (2460)
++++++

DSO (2317)
++++++

Dy (2308)

D*(2112)

D*(2007)

“exotic”

quark model sekskekex

threshold




O-|— 1-|-

)

0,1

(myg, p)
(AX7 mQ)

Corrections :

SU(3)?

D*—D~D*—D_ ~D',— D, ~ 140MeV




Electromagnetic Decays of 07 and 17

D0 (2317) — D*~
D4y(2317) — Dy

< 0.059
(CLEO)

D', (2460) — D*~

0.16
D’ ,(2460) — DY B

1,(2460) - D,
D’,(2460) — Dxn?

— 0.55—0.38 (Belle)
0.38 — 0.27 (BaBar)

e ~ —

Eem — [HaSbO-'uVFMVan]

A Mg
corrections : —2¢L ~ 30%
M Ay

Qf = 3 (€Qe" +€1Qo)




D,o, D, as molecules?

3
mDsl

4g°%a? mMpmps»
2 3
f Mpso
mg — oo 2:1:3 phase space 1.57 : 1 : Ry 1.58
cf. to exp. limits

F(D 0 — DS,Y)

(0)[*E,




Strong Decay of Molecules

Ds1 — D

sl — ;kﬂ-

Predicts (::30%) :

problem ratios D — Do~

Dsl — D;kﬂ'o

— 221 (exp ~ 0.44)
— molecular hypothesis

distavored Dy — D~

S =296 (exp < 0.059)
sO — S

S(mK —+ E'WO)QQ2 M p+M p+
4 f4 3

['(Ds1 — Din’) =

I'(Dyy — Dr’) =




b Exotics above threshold - Belle 1103.3419

254101100

i Y(25) : Y(2S)=Y(1S)

Y@ | hb(ZP); hybrid bbg
%h°(1P) . !_\1}33)

disturbed Y (5.5)

Events/5MeV/c?

H | '!;..“m: |!‘ { WW
96 98 10 102 104 molecule
M__(GeVi/c?)

Yy(177) ~ Y (4260) analog

Z,(10610)T  10607.2+£2.0 184+24 17 Y(58) — 7 (nT[bb
Z,(10650)T  10652.2+15 11.5+22 17 Y(5S)—a (n'[bb
Y,(10888)  10888.4+3.0 30.77%2 17" e

Eidelman, Heltsley, Hernandez-Rey, Navas, Patrignani 1205.4189



/1y as a molecule

HQET predicts additional states (Voloshin. .. )

_ | N
Wo=1 (O+):§Ob6><0lt 2 (1b5®1lt>J:o

Lo
1 (17) = —= (07 x 15 + 153 © 07

V2 N\

TT() hbﬂ-v TP

1
17(17) = — (Ob_z x 1, — 1&@0;) /

V2

L v3 1y
W= 17(0%) = 2205 x 0 + 5 (1%@1”);0%7?,%%,%

Molecule treatment predicts decay ratios among them (Mehen/Powell)

_ Ci0 v rp 5 Cit mrat A gt A _if
Leff - T TTI-I—HIT::O'HI’H”T;}!)’H[’,-I _I_ B TTFI—H“ tha’(rlHa’HbT!:b’(leb']'

H,=PFP,+ V& now B multiplet rather than D™ multiplet

rl—‘V() — XM(-IFI—‘V(,) — X,,,(]F[Z — l-z,,€]:F[Z’ — /’lb(f-] = = : :1:1

2°2°




Summary

Many new “exotic” unexpected particles discovered at B factories

X(3872) may be a molecular bound state of the D and D" mesons.

If so, it must have JX¢ = 1+7

Measurements needed to check molecular hypothesis:
a. D) E()(*) scattering enhancement
b. polarization of ¥(2S5) in decay

c. polarization of X (3872) in creation

Possible analogues seen in bottomonium-like system
Again, additional data needed to prove or disprove character

LHC, BESIII, ... exciting times ahead for heavy quark spectroscopy
and our ability to understand bound states of QCD

Will this “cleaner” system shed light on nuclear bound states?
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Amplitudes

M€ = (2036° A* B + 4g2fer ACES + 2¢1C?) [k - €
+ (4362 B*E2 — 2go8c1 BOE? + 3C?) |k x &

A ~ 142 MeV; E., ~ 181 MeV




Hadrocharmonium
J /1,9 (2S),...even Y7 affinity for light hadronic matter

small Q@
/ ® 2< light (excited) hadronic matter

\/

Z1(4050)" — 71 x .1 (1P)

Z5(4250)"7 — 7 xc1 (1P)
Y (4260) — wrwJ /4

Y (4360) — 7w 1)(25)
7 (4430)T — wap(29)

Y (4660) — 7w 1)(25)

Y's are 17~
widths (MeV)
821—51
177+321
95 + 14
74+ 18
107—|—113
48 + 1o
look for J/¢ with baryons; b analogs




Strong Interaction Terms

| )N — %C(()lSO)(NTTQTQO'QN)T(NTQTCLO'QN)

3
—%C(() Sl)(NTTQO-QO-/L'N)T(NTQO-QO-@N) - ... ]

1
P;(°S1) = —=19090;

V8

“dibaryon”
treatment




