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Introduction-X(3872)

@ Discovered by the Belle collaboration(2003). rrio1.262001

@ Confirmed by the CDF 2003, DO 2004, BaBar 2004, LHCb 2011, and
CMS 2013 collaborations.

@ Mass: Close to the DYD*? threshold within 1MeV,
JPC: 1+t or 27" (Excluded by LHCb eps cr2,10722012 )
@ Theoretical hypothesis: standard charmonium,

DY D*Ymolecule, tetraquark , quark-gluon mixture state,
threshold effect...

QWG,2011; N.Drenska, 2010; S.Godfrey, 2008; M.Nielsen, 2010; Eric.S.Swanson, 2006; C.Hambrock, 2013;



X (3872) < xa(2P)?

@ Potential model:
Mass[x.1(2P)]~= 3950MeV, lager than X (3872) about 75MeV.
If Z(3930)=x.2(2P), Mass[23P, — X (3872)] = 58MeV> 50MeV.
(Screening effects: draw down the mass to 3900MeV pro79,004004 . )
@ If Mass[x.1(2P)] = 3872MeV, Width= 1.7MeV.
B[23P; — v(29)]/B[23P, — vJ/v] ~ 6.
CONSISTENT with X(3872)
@ DO0:no significant differences between the X (3872) and (25)
@ Failed to explain the Isospin-violating in the J/p°, J/vw decay

patterns.

State Expt. Theor. oo ReTS)
1P x2(1°Py) | 3556.20 + 0.09 | 3554 ‘ x(3572)|
x1(13P1) | 3510.66 +0.07 | 3510 N 4

x0(13Pg) | 3414.75 +0.31 3433 sof 4

he(1'P1) | 3525.93 + 0.27 3519 gos r% r%
2P x2(2°P5) 3929 + 5 + 2 3037 py

x1(23Py) 3901 '

x0(23Pg) 3842 ar , % .

he(2'Py) 3908 p—

B.Q.Li et al, PRD79,094004,2009
CDF,PRL93,162002,2004



X(3872)< D'D* Molecule?

@ In 1977, Rugula,Georgi,Glashow and Voloshin,Okun presented
molecule conjecture. In 1994, Turnquist predicted the mass of
the ground DD molecule state was about 3870VeV.

o Mass and quantum number can be explained naturally.

@ Can explain the Isospin-violation in the J/vp%,J /1w decay
MOde E.S Swanson PLB598,197,2004 .

@ Prediction on charged molecule states(D*D*?, DYD*~), but
no explicit signals in the experimental measurements.

@ Puzzle of the production at the hadron colliders: Tevatron
and LHC.



< Mixture with x.1(2P) and Molecule?

Others in support of that X(3872) has a ¢¢ component,
° supports ¢&(97%) mixed with molecule or tetraquark state.
° (calculation on the width) supports the
idea of mixture with a primary c¢¢ component.

X(3872) as mixture with x.1(2P) and DD*? molecule
components, (I\/Ieng’s talk, C.Meng,hep—ph/0506222)

° as the possibility of the x.1(2P) component in X (3872).
Universal, obtained by fitting to the experimental data.

° component dominates the decay patterns.

@ In the B and hadron production process, dominates.
(Predictions of prompt X(3872) hadron-production at NLO in o
are consistent with the CMS and the CDF data c.Meng hep-ph/1304.6710
and disfavor the pure Xc1 (2P) view M.Butenschoen,hep-ph/ 1303.6524)

: LHCb data will also be compatible when taking the
relativistic correction contribution into account.



Introduction- Other C = 4+ XY Z states

State, m(I") in MeV, JFPC

Prod.(Decay)

Ref

X (3872) 3871.68+0.17(< 1.2) 1t F B — K (nmJ /) PRL91,262001
B — K (wJ/) (hep-ex/0505037; PRD82,011101)
B — K (D°D*) PRL97,162002; PRD77,011102
B — K (yJ/v) PRD74,071101
pp — (wmd/ %)+ PRL93,072001; PRL98,132002
pp — (mmd/p)+ JHEP04(2013)154, 1302.6269
X (3915)  3917.5 + 2.7(27 % 10) ot+t B — K(wJ/w) PRL94.182002; PRL101,082001
ete™ = eTe (wi/v) PRD82,011101; PRD86,072002
X (3940) 394279 (37127 JP+  etem 5 gy (DD*) PRL100,202001
Y (4140) 4143.0 £ 3.1(1279) JP+ B — K (¢J/v) arXiv1101.6058
X (4160) 4156122 (1391 10) JP+ ete™ o J/y (D*D*) PRL100,202001
Y (4274) 4274. 4+8 4(32*?%) JP+ B — K (¢J/v) arXiv1101.6058
X(4350)  4350.61% ?(13 3T18)  0ptt  etem wete(0d/y) PRL104,112004




C=+ XYZ states through recoiled ~ process at B factories

@ Motivated by two poionts:
1)large cross sections for the double charmonium production
recoiled by J/v
2)quantum number of photon is same as J/1)

@ lIdentifying the C = + charmonium states H in the
ete” — v* — H + v at B factories was proposed in the Ref.(
D.Li,PRD80,114014,2009 and W.L.Sang,PRD81,034028, 2010 )

@ The radiative corrections of eTe™ — v* — H + v at B
factories were calculated.

@ The relativistic correction of ete™ — 4* — 1. + v was also
included in the Sang’s paper.



ete™ — X(3872) 4 v at BESIII

@ Recently, Beslll reports the cross sections of
ete” — ’yX(3872) (arxiv/1310.0280,arxiv/1310.4101)

o X Br[J/¢ymm] < 0.13pb at 90% CL. Vs = 4.009GeV
o X Br[J/¢ymm] = 0.32 £ 0.15 £ 0.02pb Vs = 4.230GeV
o x Br[J/ymm] = 0.35 4+ 0.12 + 0.02pb Vs = 4.260GeV
o X Br[J/¢ymr] < 0.39pb at 90% CL. Vs = 4.360GeV

Where Br[J/ymm] means Br[X (3872) — J/¢77].

@ The studies of 1)(4160) — X (3872)7 (aniv/13048101) and
1(4260) — X (3872) (FKGuo's talk, ariv/1306.300) are proposed to
probe the molecular content of the X (3872).



The frame of Calculation

@ Heavy quarkonium is an excellent candidate to probe QCD
from the high energy to the low energy regimes.

@ In the Nonrelativistic QCD (NRQCD) approach, the
production of heavy quarkonium is factored to short distance
coefficients and long distance matrix elements(LDMEs).

@ The short distance coefficients can be calculated
perturbatively with the expansions by .

@ The LDMES can be scaled by the relative velocity v between
the quark and antiquark. v? is about 0.3 for charmonium and
about 0.1 for bottomonium.

R = Y F,<O(n)>

=
[

F,?(l + cro + czag +....)
<OMn)> o« v (1)



The amplitudes

In the NRQCD factorization framework, the amplitude in the rest
frame Of H as (PRD78,074022; PRD80,114014; PRD81,034028)

M(e™ (k1)eT (ko) — Hee(*T1Ly)(2p1) +7)

= /‘<l"(7<1>,(,(17) (s1;82 | SS.)(35; 3k
S :

S, 8182 jk

1)
XM {(‘7(/«1 Jet (k) = ;' (pr + q) + &2 (p1 — @) +1 (/,@(2)

where (3j; 3k | 1) = 0,1/v/Ne, (s1;52 | SS:) is the color CG
coefficient for cc pairs projecting out appropriate bound states, and
(s1;s2 | 89) is the spin CG coefficient.

M [e_(k1)6+(/€2) =it (pr+9) + 8 (m —q) + v(k)] is the
quark level scattering amplitude.



Expansions of quark-level amplitudes up-to O(v*)

e S wave

2 Me
1 o 58( E_qu)
+597¢q

1 glllyy
M) S] = M|+ 50— s

L+ 0 ()

e P wave

OM?
aq" q=0

M[() P = €5(5:)d0 (L2 )(
+1 ﬂaS( mch)
6q e 0q®0qP0q° =

) +0(c°). (4)

@ D wave
02(, /2= M.,)
_\ /1 (1] :1 a B Eq
M(ee) (DY) = 5o — i

; +0(¢")(5)

q=0




Wave function of cc

© Consider the Fourier transform between the momentum space
and position space (Pross 5853; PRDS6,004017)

[ @7 0al@) x \/ZER0)

/(1"‘(7 ®.:(9) o< 1/ ZHR..(0)
/ &3¢ P P(q) \/ZT?}U?(’,’;(())
/(l”q’ (/"(/"/(/"}'I')(,;(‘(/’f) X \/Zigfff_/’/l(‘()‘). (6)

@ R.:(0) is the radial Schrodinger wave function at origin. And
R!_(0) the derivative of the radial Schrodinger wave function
at the origin

d'Rea(r)

R'_(0) =
tez(0) dlr

(7)



Wave function of cc

Rez(0) is correspond to the O(v”) S-wave matrix element.
e R!_(0) is correspond to the O(v”) P-wave matrix element.
R!"_(0) is correspond to the O(v?) S-wave matrix element or
O(v%) D-wave matrix element.

R"(0) is correspond to the O(v?) P-wave matrix element.



Relativistic correction K factor

: 5v2 ro?

Kl = =— = ;

ozl 6 1-r

) 5512 — 281 4 13) v? ro?
[\[.’_'{\(“} *< ) ; o

10 (3rs —4r + 1) 1 — 7

Kol (2172 +30r —11) v* 702

Y2 Xel] = l()(l‘)*l) 1 — g’

) (9073 +113r2 + 4r — 7) v?  1o?
K v2 [\(-g} - } o ) (8)

10(r — 1) (672 + 3r + 1) —
where r = 4m?/s. —{—fr is the relativistic correction of the phase
space. If we select r — 0, the K2 factor is consistent with the
large pr behavior at hadron colliders xu,pross 004017,2012 .



DD component contributions in the molecule model

@ The parton-level amplitudes may be compared with the DD
hadron-level amplitudes

M [ef (k1)e™ (ko) — ce(2p1) + ’y]
~ M [e*(kl)eJr(kg) — DD(2p1) + 7] (9)
@ But the RL,(0) ~ v#R3.(0) > R, 5(0) with the S wave [ =0
and P wave [ = 1.

@ For the binding energy of c¢ and DD are several hundreds
MeV and several MeV, respectively.

o If ZX ~ ZI_. we can consider the c¢ contributions only.



Paremeters

Our parameters are selected as

me =mg /2, as = 0.23 £ 0.03, a=1/133,

v? = 0.23 £ 0.03, Ris = 1.454GeV?3, Ros = 0.927GeV?,

Rss = 0.791GeV3,  Rp =0.131GeV?>, Ryp = 0.186GeV?,
> =0.031GeV". (10)

The wave functions at origin for higher states are estimated as

Ris = 2 X Rss — Rag = 0.655GeV?3,
s = (R’P + Rbp)/2 = 0.159GeV?,
Rin = R!;=0.031GeV". (11)



Numerical results for pure charmonium



(nS) and 72

V3(GeV)

4.00 4.25 4.50 4.75 5.00 10.6  11.2

17:(19) LO 2781 2494 2192 1906 1652 117 95

(2981) RC -1332 -1033 -814 -650 -526 =25 -20

QCD =909 =807 =700 -508 =508 =22 -16

Total | 540£210 653£170 G78X140 6GHR8ELL5 61795 70L£4 5H8L3

ne(25) LO 563 684 706 679 629 58 48

(3639) RC =730 -H63 -442 -352 -284 -13 -10

QCD 177 -221 -231 =222 -205 -13 -10

Total | -344+98  -100479 33465 106+54 141446 3242 2742

1:(35) LO 233 337 374 377 1 36

(3994) RC -450 -352 -279 -225 -10 =3

QCD -72 -107 -121 -123 -10 -8

Total -288+59 -122+48 27440 29+£33 2442 2041

1.(45) LO 133 198 225 34 28

(4250) RC -279 -221 -178 -8 -G

QCD -41 -63 -73 -8 -7

Total -1864£37  -864+30  -26+25 1741 1541

ne2(1D)  LO 4.0 6.4 7.3 7.3 7.0 0.71  0.58
(3796)

ne2(2D)  LO 1.5 2.9 3.5 3.7 047 038

(4099)
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The predictions near the threshold may be not reliable

The NRQCD requires that the energy of photon at the center of
the mass frame of etTe™

s — MIQJ
2/
be larger than Agcp ~ 300 MeV ~ mev?. Although this process

is a QED process, the prediction is not reliable and only a reference
value if this requirement is not satisfied.

E, = ~ Vs — My + O [(1 - Mpg/Vs)?] (12)



nP)

/5(GeV) 125 450 4.75 5.00 10.6 11.2
vw(lP) LO 328 132 53 21 1.81 16
(3415)  RC 268 107 48 22 -0.77 -0.63
QCD | -228 -107 -52 -26 -0.38 -0.29
Total | 368+£46 131420 4949 1744 1424011 1.2240.09
Yo(2P)  LO 1991 665 271 119 1.30 118
(3918)  RC 3102 630 230 96 -0.64 -0.54
QCD | -1013 -384 -177 -89 0.39 0.30
Total | 40804426 0624102 324438 127417  1.04+0.10  0.9440.08
vo(3P) LO 1073 384 164 0.82 0.75
(4131)  RC 1600 391 140 044 -0.38
QCD -551 223 -107 0.29 0.23
Total 21214220 554459 198423 0.6740.07 0.61£0.06




X(’:O(lp)

ole"e” > xoyl(th)

42 44 .4;6“-__4}5‘-“_’5..0 Vs (GeV)



V3(GeV) 135 450 475 5.00 106 11.2
Y (1P)  LO 3874 2392 1597 1124 235 185
(3511)  RC 1296 459 168 52 A8 3.8

QCD | -1791 -1091 715 -492 6.5 4.9
Total | 33794288 17604154 1051496 685465 1241  10+1
Ye1(2P)  LO 8854 4244 2495 1624 25.7 20.0
(3901)  RC 9585 2297 789 312 49 3.9
QCD | -4041 -1967 -1152 741 7.7 5.7
Total | 1439741357 45734394 21314182 11954105 1341 1041
Y (3P)  LO 1073 384 164 0.82 0.75
(4178)  RC 1600 391 140 044 -0.38
QCD 551 223 -107 0.29 0.23
Total 21214220 554459 198423 0.740.1  0.6+0.1




Xel (1P)

ole’e” = xayl(fb)

r © ULo
10000 - T2
8000 U
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6000
4000+
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V5(GeV) 4.25 450 4.75 5.00 106 112
Xe2(lP)  LO 4724 2590 1562 1004 9.66 7.37
(3556)  RC 2385 880 376 173 -1.16 -0.93
QCD -2455 -1384 -851 557 -6.27  -4.82
Total | 4655446 20874213 1086121 621476 241 21
Yea(2P)  LO 13419 5581 2031 1927 1129 853
(3927) RC 17835 3965 1355 565 122 -0.99
QCD -6423 2822 -1533 926  -7.25 -5.52
Total | 248622472 67234635  2754+267 13684141 341  2:+1
v2(3P)  LO 8038 3607 1886 855  6.40
(4208) RO 14212 2049 995 -0.83  -0.68
QCD -4210 -1803 977 543 -4.10
Total 189411933 47534451 19044182 241 241
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)
- _>)(c27’] (fb
[eTe

o




Numerical results for XY 7



Numerical results for XY Z : X (3872)

In the sight of the mixture state of x.1(2P) and D°D*? molecule,
the cross sections of X (3872) production can be expressed as
fO”OWing C.Meng, arXiv:1304.6710

do[X (3872) — J/yrmTm7] = do[x.(2P)] xk, (13)

where k = Z£(3875)><B7“[X(3872) — J/yrtrT].
Br[X(3872) — J/yn 7] is the branching fraction for X (3872)
decay to J/¢ntn. Z§§(3875) is the possibility of the x.1(2P)

component in X (3872). And k£ = 0.018 4 0.04.



50 Vs (GeV)



)-continuum contributions

V's(GeV) 4.15 4.2 4.25 4.3 4.35 4.45 4.55
LO 221449  180+£40 150+£33 127428 110424 84+19 66+15
RC 310469 208+£46 146£32 106+£24 80+1s8 4710 30+£7

QCD -100+£22  -82+18  -69+15 -59+13  -51411 -39+£9 -31+£7
Total 431496 306£68 227+£51 175+£39 138431 92+20 6514

V/5(GeV) | NRQCD prediction for continue  BESIII [46, 47
4.009 <130 at 90% CL.
4.160 401 + 89
4.230 255 £ 57 320 =150 £ 20
4.260 215 £ 48 350 £ 120 + 20
4.360 133 £ 29 <130 at 90% CL.
4.415 105 4+ 23
4.660 47+ 10

E,[4.009] = 134MeV, E,[4.160] = 270MeV. (14)



X (3872)-resonance contributions

The resonance contributions can be estimated as:
127T[Res — ete |I'[Res — vX]
(,ﬂ — A\[2)2 S (J[J‘/“[ [R( SD“)

O Res »H_ —

(15)

With X (3872) considered as 2P states, the largest decay widths

are 1(4040) and (4160), which are considered as the mixing of

¥ (3S) and ¥(2D).

The parameters for /(4040) and v(4160)
[[1(4040) — e e }: 87 keV, T'[1)(4040) — vX] = 40 keV
I'[1)(4160) — eTe™] = 0.83 keV, T'[1)(4160) — vX] = 140 keV
Tyot[10(4040)] = 80 MeV, Tyt[h(4160)] = 103 MeV

Hence, we can determine the contributions from these resonances

( 0 (4040) {lz))JJFO_ (41(,()]{1 ))J) X/\i(()_)j:ll)ﬂ)
(04010 [4-26] + Ty ar0)[4.26]) X k = (37 £ 8)fb.  (16)



Numerical results for XY Z :X(3940) and X (4160)

@ X (3940) and X (4160) are found in ete™ — J/v (DD) at B
factories (PrL100,202001) .

@ 7. and x.o are recoiled with J/v, but x.; and x.2 are missed
(PrRL100,202001) . | he theoretical predictions are consistent with the
experimental data (hep-ph/0211181, PRD77,014002; PRD84,034022; JHEP02(2013)089) .

@ The mass of 7.(3S5) and x.o(3P) are predicted as 3994 MeV
and 4130 MeV, respectively (pro79,002004) .

@ So there should be large 7.(3S) or xq0(3P) component in
X<3940) or X(4160) V.V.Braguta,PRD74,094004,2006; K.T.Chao,PLB661,348,2008 .



X (3940) or X (4160)
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Numerical results for XY Z : X (4350)

X (4350) are found in vy — H — ¢.J/1 at B factories . JFC is
0++ or 2++ PRL104,112004,2010

The mass of X62(3P) is 4208 MeV pro79,004004 .

Ignore more detail of the mass, we considered it as x.o(3P) or
Xc2(3P), the wave function at origin are estimated as

R =Rip = (Rip+ Rhp)/2=0.159GeV?, (17)

So there should be large x.0(3P) or xc2(3P) component in

X(4350) X.Liu,PRL104,122001,2009; Z.G.Wang,PLB690,403,2010 .



X (4350)

o [X(4350) Y)/ZY- (fb)

1N 00O -
120 , == T yo@asn/Ll;
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Summary and discussion



Summary and discussion

@ We can estimate the possible event number at BESIII and
Belle. The possible event number is

N =olete™ = v+ cn]] x ZE x Br x L x (18)

@ where € is the efficiency of detectors are selected as 20%, Br
is the branch ratio of H to the decay mode, L is the
luminosity.

© The integrated luminosity is 1.0fb~1@4.23 GeV,
1.0fb~1@4.26 GeV, 0.5fb~1@4.66 GeV, and
lab—1@10.6 GeV.

@ The decay mode of nK'mm means DD decay and the branch
ratio is estimated as 1%.



Possible events at BESIII and Belle

H “Decay Br  zM [ 123426466 10.6

e KK= 72% 1 9 9 5 | 1012

Xe0 2t 2m— 22% 1 2 2 6

Xel A (v ) 41% 1 29 | 27 | 5 | 101

o AMFL= (v f) 23% 1 | 23| 20 | 3 10
ne2(1D) KK 1.5% 1 2
n:(25) KK7 1.9% 1 123
X(3872)(xc1(2P)) | ata It (mT7 J/v¥) 0.6% 036 | 6 5 1 6
X (3915)(xc0(2P)) | wra— alFl (wd/y) 1% 1 9 8 2
Z(3930)(x2(2P)) nKmn(DD) 1% 1 a7 46 4 6
X(3940)(n.(35)) nKmr(DD) 1% 1 48




© We study the production of C' = + charmonium states H in
ete” -~y + H at BESHI with H = n.(nS) (n=1,2,3,4),
Xes(nP) (n=1,2,3), and ! Dy(nD) (n=L1,2).

@ The radiative and relativistic corrections are calculated to next
to leading order for S and P wave states.

© We then argue that search for the C' = + XY Z states
X (3872), X(4160), X (3940) and X (4350) in
ete”™ — ~ + H at BESIII and Belle may be helpful to clarify
the nature of these states.



Thanks!
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