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X(3872)

Decays: X (3872) — J/ymtn™ X(3872) — J/¢mTn—n
— DD7" — J/¢y (C=I)
I'x <1.2MeV — D"DO% — (25

angular distributions in J/Y7 "1™ require | JF¢ = 11T

LHCb, PRL 110 (2013) 222001
arXiv:1302.6269 [hep-ex]

S-wave coupling to DD* + DD*

Br[X(3872) — J/ymrta—xY] X(3872) is mixed state
— 08 - 03 / I_O d I_ |7
Br|X(3872) — J/ymtm—] wi 1=V and I=1:




Extremely Close to Threshold:

mx = 3871.69 = 0
M po — 1864.84 &= 0
mp«o = 2006.85 + 0

17 MeV
.05 MeV
.05 MeV (from PDG)

mx — (mpo +mp=o) = 0.0 -

- 0.18 MeV

unique among proposed molecules:

e—r/a

Universality: ¥ pp+(r) a>10.6fm B.E.=

(A

1

B 20D D+ a°

Long distance physics of X(3872) calculable in terms of scattering length,

known properties of D mesons - Effective Range Theory (ERT)

(M. B.Voloshin, E. Braaten, et. al.)



Conventional Behavior of X(3872) |

Br[X (3872) — /]
Br|X(3872) — J/v]

= 2.46 = 0.70

Naturally expected tor Xe1
Molecular Model; 3.8 103  Swanson, Phy. Rep. 429 (2006) 243-305

XEFT, EFT. depends on counterterms,
sensitive to short-distance structure of X(3872)

T.M., R.P. Springer, PR D83 (2011) 094009
Guo, F-K., et. al., PL B742 (2015) 394-398



Conventional Behavior of X(3872) Il
High pt production in heavy ion collisions, hadron colliders
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A. Esposito, et.al., PR D92 (2015) 034028

C. Bignamini, et. al., PRL 103 (2009)162001,PL B684 (22010) 228-230
P. Artoisenet, E. Braaten, et. al., PRD81 (2010) 114018, PRD 83 (2011) 014019



Mixed Charmonium-Molecule
M. Suzuki, PRD 72 (2005) 114013

pI’OdUC’[iOﬂ at colliders C. Meng, et. al., arXiv:1304.6710
M. Butenschoen, et. al. PR D88 (2013) 011501

IX) — \‘Z('(_‘ |X(‘] (2P)) + \{Zn]()l I DD*) ZC(.‘ — (28 — 44)%

X(3872) on Lattice M. Padmanath, et. al., PR D92 (2015) 034501

c¢, DD* operators both required to obtain X(3872)

QCD sum rules analysis of mass, decays
R. Matheus, et. al., PR D80 (2009) 056002

Loz~ 097, Zno ~ 0.03
Diquark-Diquark Bound States

A. Esposito, A. Pilloni, A.D.Polosa,Phys. Rep. 668 (2016) 1-97
A. Esposito, et. al., Int. J. Mod. Phys. A30 (2015) 1530002



X(3872) at PANDA

simulated resonance scan: pp — X (3872) — J/yn n™

X(3872) Resonance Scan MC Data | |Fit with Consiant Plus Convolution
of Breit-Wigner and Gaussian
2 180 2/
= . —4— MC Data v</ndf 3091/15
= — . My 3.872 GeV + 5.263 keV
o | |—— Global Fit X(3872)
QO 140_— — _ Sional fit rx(3372) 869 + 168 keV
Bg B d fi Background Level 2451 +1.80
20l L0 ackground fit | A(4s)  fixed @ 33.568 keV
100}
80
60
40
20
.4-'/ N
I T T S SPEY e o S T N TR S T e . S S S
3.8716 3.8718 3.872 38722 3.8724 3.8726
Results are preliminary. Only statistical errors ara shown. \/5 / GeV
mput FX — 100 keV M.Galuska et. al., POS(Bormio2012) 018

reconstruct I'y ~ 87 £ 17keV



Narrow Resonances

(2/+1)-4m BR(X(3872) — pp) - Ix3s72)°

/5 — am?  4(Vs —mx@as))* + [x@3872)°
M.Galuska et. al., POS(Bormio2012) 018

ow(V/s) =

Line shapes near threshold

E. Braaten, PRD 77 (2008) 034019

near threshold S-wave resonances, shallow bound states
will modify near threshold cross section

, B 1
X‘f(E)‘ f(E)__l/a,+\/—211fE—i€

zero-range, single channel model
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X(3872) Production at PANDA
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Line shapes depend on channel

DO'DO 7To'

Energy (MeV)
E. Braaten and J. Stapleton, PRD 81 (2010) 014019



XE FT S.Fleming, M.Kusunoki, .M.,
U.van Kolck, PRD76:034006 (2007)

Non-Relativistic Propagators

Co~ Q" Cop® ~ Q" Bie-pr~ Q" ~ Q"
Power Counting
Pp ~Pr~p~y~Q  y=+/2upp-B.E. < 34MeV
My ~ Ay ~ 140 MeV are large scales in X-EFT




LO - reproduce ERT prediction for X (3872) — DD’

M.B.Voloshin, PLB 579: 316 (2004)

o~ ¢
dppdpy, — 32m3 f2

1 1 ]?
Zﬁf}x(ﬁﬂ ) EX)E [ + ]

0

NLO - range corrections, non-analytic corr.from 7~ exchange

a) b)

Wavefunction Renormalization




X (3872) — DD 7Y at NNLO

I | | | | | | | | | | | | | | | | | | | | | | |
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Corrections dominated by counterterms, pion loops are negligible

Agrees well with calculation with nonperturbative pions
Baru, et. al.,, PRD84:074029 (201 1)



Bound on width of the X(3872)

TM,Phys.Rev. D92 (2015) no.3, 034019
arXiv:1503.02719

Zero binding energy: TI'[X(3872) — D°D'x% = T'[D*® — D7"]
— 36 keV

XEFT + BE < 0.33 MeV:

28 MeV < I'[X(3872) — D D7"] < 42 MeV

PDG: ['[X (3872) — D°DO70]

(X (3872)] > 327

Bound on total width: [ X (3872)] < 131 keV



Why is X (3872) — x. 7 interesting?

Heavy Quark Spin Symmetry (HQSS)
poredicts relative rates

I'; =T[X(3872) = xesm]

charmonium Xc1(2°P)
To:T1:T5:3p2 :5p2 : 0~ 1:2.70:0

molecule
Lo:Ty : Ty 4p2 2 3p2 : 5p° ~2.88:0.97:1

S. Dubynskiy,M.B. Voloshin, PRD 77, 014013 (2008)



Calculating X (3872) — . " in XEFT

coupling XcJ to D mesons, heavy quark spin symmetry

-

<DD‘XCJ> — zﬁgl\/mxcoml}o g1 ~

457 MeV

P. Colangelo, F. De Fazio, T. Pham, PRD69 (2004) 054023

contact interactions w/ onia, D mesons, pions (not shown)



Hadronic Loops

Interpolating fleld

coupling ~ \/ZW%
WD D+ C) Q
Xc0s Xc2

Nonrelativistic Power counting:

loops ~ v°, propagators ~ v=2, diagrams P

(v

loops with contact interaction v2 suppressed



. TM,Phys.Rev. D92 (2015) no.3,034019
Prediction arXiv:1503.02719
DX (3872) = xeon®] = 9002 Mxa s g A EJE = 3.8 MeV
: 97"2f2 oD Mmx@st) .
]'\X ‘ ¢ 01 g gl (InXd 3 F , A F 2 1 41\/1 V
[ ('3872) —7 Xel1T ] — a9 7r9 pnﬂDD* Pr 1['}'72,: 0; J'W] - . €
O f M x (3872)
PIX(3872) = xur¥] = 25 2912 it e X2 3 pr A E2 = 1.2 MeV
1872 f2 M X (3872)
exceeds total width! [ X (3872)] < 1.2MeV

must include coupling to charged D mesons



Observed decays of X(3872) account for
>40% of branching fraction (PDG)

> T[X(3872) = xesm’] < 0.6T[X(3872)] < T9keV
J

neutral loops exceed this bound
by orders of magnitude

must be nearly cancelled by
loops w/ charged mesons



Including Charged Mesons

2 2
. g g nl‘, cD Q
F[X(3872) — XCO'R'O] = WM%D* - (;872) p?; (QOFO[")"n: AOa Eﬂ’] - g+F0 [ﬁlrc: A+: E-n'])

2 2
P g g Tn’, cl
[[X(3872) = xam'] = ngfg#%m* "1¥;872) P (90F1[Yn, Do, Ex] — g+ Fi[e, Ay, Ex])*

59%9; My, .,
P[X(3872) =+ xan'] = 5z g mHDD m\’:;a?z) Py (90F2[n, Do, Ex] — g+ Falvye, Ay, Ex])?

g5 ReXy(—Ex) + g3 Re¥! (—Fx) =1

27V 2y, .
go =4 ——cosll, g, = 5s— sin 6
HDD* HDD*

Bounds require 6 = 0.37 &+ 0.04
0.78 < go/g+ < 0.99
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Predicted ratios differ from the HQSS predictions

F22F12F0223.321.211

for allowed value of 6 ~ 0.37



Can X (3872) — x.;m’ be measured at PANDA?

2/
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S. Lange, et. al., arXiv:1311.7597

reconstructing 3F4 charmonia in J /vy~

cut £, > 150keV



Conclusions
Using XEFT calculation of X (3872) — DDz

['[X(3872)] < 131 keV

PANDA: width & line shape will test XEFT, models

Hadronic loops for X (3872) — x.sm° decays

must include couplings to charged mesons
0.78 < go/g+ < 0.99 near | = 0 state

PANDA: measurement tests HQSS, molecular
iInterpretation, hadronic loops
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e;(N) (V' P+ V' P)| X (3872, \))|?

Factorization

alternative approach to X(3872) decays
S.Fleming, .M., PRD78 (2008) 094019

S.Fleming, T.M., PRD85 (2012) 014016

F[J—((JBSTQ) — FS] x Oxeprr X CT[DUD*D + c.c. — FS]

~ [$(0)[°

>J>v/

Tcm Xe2



Relationship between Factorization, Hadronic Loops

hadronic loop integral

A
(],31 ' — w0 /7N = — )
Mp[X(3872) — xor?] = / (2ﬁ_)3’¢’nn*(l)M[DOU-)DO(—I)—>XC07r“]

- \

Yop-() = 2= 1> ~ mpEx ~ (850 MeV)?

Vi = 14 MeV,’yC — 126 MeV

FOr Yp.e < A < \/mpkE;

expand in l2/(mDE,,T) recover results in factorization approach



