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Experimental information

» 1t observed by Belle Collaboration in
B-J/Yyn"n K Belle’03

» Mass, width and quantum numbers:

* my =3871.69 £ 0.17 MeV PDG’14

< 0.4MeV CL =90% Tomaradze et al.’12

ImX — Mpop=0
- '<1.2MeV CL=90% PDG’14

.« JPO=1% LHCb’13



Experimental information

» Decay pattern:
* Observed decay modes:
J/Yp, J/Yw, D°D*°/D°D*° /DD, ] [}y, Py
Relative ratios of these 4 modes: 1:1:10:0.3: 1 PDG’14
Did not seen y.,(3920 — 3960) in B » DD*K Belle’10

v Br(X - J/Yp) =Br(X -» J/Yyntn~) = Br, < 8%



Experimental information

» B-production:
1x107* < Br(B —» X(3872)K) < 3.2 x 10™* BaBar'05

Br(B - X(3872)K)Bry, = (8.6 £ 0.8) x 107° ppc'14
2.6% <Bro =Br(X -» J/Yyn*n )<8%

> e 012 o T
Hadro-production otk jory il
C Iyl <1.2 ]

* Large production rate: 01F .
ooof  CMS13 :

o

ag(pp—X)Brg €y 1 :
— 84+ 0.8)0 ’ 08 :

a(pp-Pr) ey (4.8 + 0.8)% cproa 007+H, é
» Similar behaviors to ¥’ production  oost + :
R=do(")/do(X) ~ Pr i T
P09 N

p_(Jy 7 ) [GeV]
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Production of X(3872)



Molecule

» QED molecule: eg. H, ~ pp
» QCD molecule:
* Deuteron: D ~ pn

« Z, ~BB*, Z, ~B*B*; Z. ~ DD*, Z. ~ D*D*
D/B
- (OO0

« X(3872) ~ DD*: with annihilation channel

_ D LH
LC)A@;O* [ e ~ 1MeV ~ E,
D

._;]__

D/B



X(3872) produced as DD* molecule

Naively, o(X) ~ |[R(0)|? ~ kg, ko = /2tpp+|Ep| < 40 MeV
Explicit calculations [Bignamini et al, PRL'09]:

oBe(X) <0.085nb  v.s. o&&z(X)Bry=3.1+0.7nb
DD~ scattering with cutoff A [Artoisenet & Braaten’10]:

ANk,
9hr(X) ~ my,/ 30 MeV X 6nb
T

Similarly, for Br(B — XK) [Braaten, Lu, Kusunoki’05-06]

Ak
0 _ _
x 0.2-107* w.s. 1—3) x 1074]&X
(mn> 30 MeV ves € ) |

Need A4 = 3m,!



X(3872) produced as DD* molecule

» Z.(3900) production in B decay: [Belle’14]
Br(B® - Z}YK™) xBr(Z} - J/ynt) <9x1077 @ 90% C.L.
If Br(Z7 — J/yn™) = 0.1, then
Br(B - ZJK™) < 107>
e A<mifZ.(3900) and X(3872) are similar in production

* The production rates of X(3872) would be smaller than the data

by one order or more in magnitude.



X(3872) production as y,4

> X.1 production

v" Hard production is very similar to that of y.;(1P)

* o(x¢1) ~ |Rp(0)*  R;p(0) = Rip(0)
* For the bb sector: pp = x;, @ LHC
oy, (1P) ~ o, (2P) ~ 0., (3P)
e Br(B- y,4K)=(04-5)x10"*
* o(pp = Xc1) = o(pp > Y')

Eichten & Quigg'95

LHCb'14 & Han et al’'14
PDG’14

Wang, Ma, Chao’10
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/ O _*O o .
X1 — D" D™ mixing model
Meng, Gao and Chao, PRD_87 074035 (2013) [hep-ph/0506222]
» Both the two components are substantial, and they may play

different roles in the dynamics of X(3872).

1. The short distance (the b- and hadro-) production and the
quark annihilation decays of X(3872) proceed dominantly
through the y/; component.

2. The D°D*% component is mainly in charge of the hadronic
decays of X(3872) into DD /DDy as well as | /ip and ] /P w.

3. The long distance coupled-channel effects between the two
components could renormalize the short distance dynamics by a
product factor Z_;, the equivalent probability of y., in X(3872).
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X(3872) production as a mixing state

» General factorization formula:
do(X(J/ym*tn)) = z : <Off“> - k, k = Z_.:Br,
n

» mev, mv?, Agep > €,Tx~1 MeV
Xc1production  Binding & Decay(LD)

> B-procution: [Meng, Gao and Chao, PRD_87_ 074035 (2013) [hep-ph/0506222]]
Br(B —» y.1K)/Br(B — y.1K) =0.75 ~ 1
* Consistent with the fitting result: [Kalashnikova & Nefediev PRD’09]
Brit(B —» y/,K) = (3.7-5.7) x 10™*
Br(B-» X(J/yrn*n)K) = (8.6+0.8) x10°° PDG’14
Wk =Z.:Bry, =0.018 + 0.004
(Z.c = 28%-44% for Bry = 5%)
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X(3872) as mixing state
Production at pp/pp Colliders

Meng & Han & Chao, arXiv:1304.6710

Similar to that of y.;(1P)
do(xér) = do(¥cr) Imwei]
Consistent with B-production
k =0.014 + 0.007
(0.018 £ 0.004) 5_ro

Consistent with the Py spectrum

[CMS’13]
x%/3=0.17

do/dp,xBr(X(3872)»J/¥sx* z7) (nb/GeV)
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ete™ > Y™ > yX(3872)

Meng & Li & Chao, in preparation

vvvvvvvvvvvvvvvvvvvvvv

UPBESLS R 4260 [1] 100 0.5
I R 4160 100 0.83
"o 4040 80 0.86

[1] Y(4260) = P (4S) Li& Chao’09

0.1 /\
0'0 1 1 2 i i 1 "

4000 4100 4200 4300

Vs oy
* Molecule models: DD;(4260) — y[DD*(3872)]. Guoetal'13
50 keV
Br(Y X ~
(¥ - X[ /) ~ o

Br(v—yXlJ/prr)) 4
Brcr—) > < 10

[eo -Br(Y - J/ynn) ~6eV = Needl,. ~ 1keV!

Bro ~ 2.5 x 107°

BES'13
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eTe” > Y" - x,(2P)

Meng & Li & Chao, in preparation

o> 0.15pb @ 4170 MeV
o(ete™ - yx/,(3930)) ~ 50 pb @ 4060 MeV
Br(x., » DD) ~ 70%
gleTe™ > yxs) ~ 50 pb @ 4170 MeV
Assuming .o =X(3915) & [;,: (¥e0) = 10 MeV
Br(xer = v¥') ~ 1%
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X(3872) production in B decays
--- revisited



B - )((')K in QCD factorization

Meng, Gao and Chao, PRD’13; Meng and Chao, in preparation

V x4 b
b > . B 3 {j

» Vertex corrections ~ Rp(0) - FE~K(m2 )

1o ¢

X 2

A

%

q

* Spectator corrections ~ fl dx q’B(x) fl dy q’;gy)
End point singularity ~ —f dy 63’(3]12 Y)
mpg g
= ——In A, ~ 500 MeV
Ag Ay

Violet factorization but numerical important
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B - )(g'l)K in QCD factorization

Meng and Chao, in preparation

Br x 10* AB PDG data [3]
300 MeV | 200 MeV
B° — x:1 K" 1.79 3.56 3.93+ 0.27
B® — x., K° 1.78 3.65
BT — xe1 KT 1.93 3.84 4.79+ 0.23
BT KT 1.91 3.93

Br(B—>Xg1K) -
Br(B-xc1K)

RZP/lP — 1

Almost independent to any parameters, such as Ag, Ay,

Based on the factorization assumption

Can be generalized to other B decay modes
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X(3872) production in B decays

Meng and Chao, in preparation
« Br(B->X(J/yYyn*tn~)..) =Br(B -y, ..) k

: Br(B—yx(q ...
* Assuming Ryp/1p = BrEB—wci--g =1

Br(Bt - y.4K%) =(4.79+0.23) x 10°*  PDG’14
cl

Br(B-» X(J/yn*n)K) = (8.6+0.8)x10°° PDG'14
ok =Z.:Bry =0.018 + 0.002
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X(3872) production in B decays

Meng and Chao, in preparation

X(J/yrntn™) | Br x 10%/predictions | Br x 10°/data

B? - XK°
Bt - XKT
B? - XK*n~
BT - XKt
B? - XK*°
Bt - XK**
BY - Xm!
Bt - Xrt*

Bs = X¢

7.1+0.9
8.6 £ 0.8
6.8+ 1.0
99+ 1.2
4.4 + 0.6
54+ 1.2
0.20 £ 0.05
0.40 + 0.10
3.6 £ 0.6

434+1.3 PDG'14
8.6 +08 PDG'14
7.9 1+ 1.4 Belle’l5
10.6 + 3.1 Belle’15
4.0+ 1.5 Belle’15

20



Further remarks on the factorization
assumption

Meng and Chao, in preparation

Br(B-HK*)XBr(K*>K*tm™)
Br(B—HK*1™)

> Ry-(H) =

* Rp=(y') =0.68+0.01 wv.s. Rg+(X)=0.34+0.09
Belle’15: “......X(3872)......in marked contrast to Y’ case.”
* While
Ry<(J/Y) = 0.69 £ 0.05 Belle’14
Ry<(x.1) =042+ 0.06 PDG'14

Nontrivial confirmation of the factorization assumption!
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Further remarks on the factorization

assumption
Meng and Chao, in preparation

Br(Bs—H¢)
Br(B—~HK™)

» Rg_p(H) = =1

(In the heavy quark & chiral limit)
Ry ;5(J/¥) = 0.81 + 0.08

Ry ,5(¥") = 0.90 £ 0.12
Ry ;8(Xc1) = 0.83 £ 0.13

Then we predict

Br(B, - X(J/Yyntn~)p) ~ 4 x 107°



Further remarks on the factorization

assumption
Meng and Chao, in preparation

Br(Bs—~Hn"))
Br(B—HK)

» Rp_p(H) = = 0.5

(Assuming 50% of n(") is s5)
Rp ;5 /W) = 0.46 +0.08 (0.39 + 0.06)
Rp ;5(") = 0.53 £ 0.15
Then one can predict
Br(By; » yon") ~2x107*
Br(B, » X(J/Yyntn)n)) ~ 4 x 107°



Comparing with molecule model

Br(B°-»xk%xKk*n~,..) dat
Br(Bt-HK* XKOrt,...)

a
> RM/C¢ = > 0.5 —0.75

 Molecule model [Braaten, Lu, Kusunoki’05-06]
R™¢ < 0.1 ~ 1/N?
* Mixing model
R™¢ = R"¢(y.1) = 0.7 — 0.8
» Pattern in different B decay modes
* Similarto y.q, but not i’

e Quite confusing in the molecule models



Summary & perspectives

» Data favor the mechanism that the X(3872) is produced at
short distance mainly through the y .,

* Large production rates
* Universalityof k = Z,.zBry = 0.018 4+ 0.002
* Similar patterns to y.q

v’ P spectrum in pp collision @ LHC

v R (X) = Rg(Xc1)

v  RV¢ ~ 0.5 -0.75



Summary & perspectives

» Partners of X(3872):
— - OO0

Nieves&Valderrama’l2

* Molecule model:

v X,(4012) ~ D*D*  D/B
PC _ 2++

v X,(10580) ~ BB* JPC =1**  Guoetal’13
HCE D

S >

* Mixing model: 5
v' No X, unless X, = y., = Z(3930)

v No X}, unless X, = x,,(10510 — 10520) LHCb’'14
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Thank you!



Back Up



X .1 or molecule: Decay pattern

> x.1 decay modes
* Radiative decay modes

_ Barnes & Godfry’04 Barnes et al’05 | Li & Chao’09

Fl/,y/keV
[y /keV 64 88 60
Cyy /Ty 5.8 1.5 1.3

Xc1 = Y¥' node-allowed; x¢q = ¥J /i node-surppressed

* Light hadron decay mode
['(x.,y » LHs) ~T'(x.1 = LHs) ~ 0.6 MeV
* Coupled-channel induced decay modes Meng & Chao’07
r(obp*/D°D°m) ~ 0.5-1 MeV, I'(J/Yp(w)) ~ 50-100 keV
Broy = Br(X - J/Yyn n™)~5%
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X .1 or molecule: Decay pattern

» Molecule Decay pattern

e DD decay mode [Swanson; Voloshin; Fleming, mehen, ...... ]
X - D°D°rn) ~2r(D*°® - D) ~ 100 keV

* Radiative decays: [Swanson’04]

:]/lﬂ

I'X - J/yy) = 8keV F(X—>1/J)/)~003keV

r(x-9'y) 1 .-a » ’
r(x-»p°DOm) 10 V.S. (10 )ex [PDG 14]

* J/Yp(w) decay mode [Swanson’04]
rX -J/yp(w)) ~1-2 MeV
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X .1 or molecule: Decay pattern

» Molecule Decay pattern
* Radiative decays: additional remarks

D y(p,w...)
e_ﬁq
X , D)
R~ .68 ¢<r>
ﬁ/GeV 2 I} py/¥eV | Ty y/keV Iy p/keV
0.31 13.4
3 0.84 0.7 0.17 50

10 1.55 0.18 0.05
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Specrum: Charmonium

» Quark-level picture
¢ q
O O D

Quark-pairs creation = Screening the linear potential

= Screened (unquenched) potential model [chao & Ding & Qin’92]

» Hadron-level picture
y_ D
cc

>

D
Coupled-Channel models = mixing between H.z and DD
Which have been considered even in the Cornell model [E. Eichten

et aI’78] .
32



Specrum: Screened potential model

Li & Chao, PRD_79_094004 (2009)

State Expt. Theor. of ours | Theor. of Ref.[5]
Mass  (r%)z NR GI
1S J/4(1°S,)|3096.916 + 0.011| 3097 0.41 3090 3008
n.(1'So) | 2980.3 +1.2 2079 2082 2075
2S  4'(2°S;) |3686.093 +0.034| 3673 0.91 3672 3676
m.(2'S0) 3637 + 4 3623 3630 3623
3S  (3%Sy) 4039 + 1 4022 1.38 4072 4100
n.(3!S0) 3901 4043 4064
4S8  (4°S1) | 426375 4273 > 1.87 4406 4450
n.(4'Sp) 4250 4384 4425
5S  (5°Sy) 4421 + 4 4463 2.39
n:(5'So) 4446
6S  (67S;) 4608 2.98
n:(6'So) 4595
1P x2(1°P;) | 3556.20+0.09 | 3554 0.71 3556 3550
x1(1°Py) | 3510.66+£0.07 | 3510 3505 3510
xo(13Po) | 3414.75+0.31 | 3433 3424 3445
h(1'P;) | 8525.934+0.27 | 3519 3516 3517
2P x2(25P,) 3929+ 5 +2 393 1.19 43972 3979 O
%1(2%Py) 3901 3925 3053
x0(2%Po) 3852 39016
ho(2'P1) 3908 3934 3056




Mass Shift (MeV)

Specrum: SPM v.s. CCM

Li & Meng & Chao, PRD_80_ 014012 (2009)

160 - .
. - | wl cog=center of gravity 2p
140 - . ¥
; o |AM * 120 - cog
120 - _— A | o JAM gl 1D -
. * IAMSCI'I * 100 4 - IAM cogl
100 S . i 28 *
[\V]
= 804
80 - . EE; o ; I & m]
* = 1P
N 60-
60 - 0O o @ o
| o g *
O
-l ol 404
o
o ]
20 * 204 18
i 2P 1y
0~y T T T T v T v T T T ' 0 : ! d | : | - 1 : J
3000 3200 3400 3600 3800 4000 3000 3200 3400 3600 3800 4000
Bare Mass {(MeV) Bare Mass (MeV)

» SPM = CCM in the global features.

» CCM is more adept in investigating the open-charmed threshold
effects. (Especially for the 2P states)
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Specrum: S-wave threshold v.s. X(3872)

Li & Meng & Chao, PRD _80 014012 (2009)

(BC, B|Hopc|wo)|

Epc(p)—M—ie
B

|<BC»5|HQPC|‘P0)|22L~ 1F(1/’ - BCO) ), C ) o
+
~(M—Mg—Mc) 2 -
» S-wave threshold effect: L = 0 E=M-Mg—M:=0

MeV

MN(E) ~VE, dlI(E)/dE ~1/NE ™ —Rell; (M)

-160

M~—My+I(M)=0 II=Xp:[d’p

-180

Mass shift

= S-wave cusp

-200 -

= “attracting” the mass of the bare =1

-240 -

state to the threshold - M — My (x.
® M)(él ~ thDD*: 535.]

-320

AM ~ 15 MeV < ARell ~ 70 MeV e e s R e AT i L
< AMO ~ 85 Mev Physics mass
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