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Now lots
of charged
Z. mesons

The XYZ mesons

State M (MeV) T (MeV) Jre Process (decay mode) Experiment

X(3872) 3871.68+0.17 < 1.2 1t B K+ (J/rtn) Belle [82, 89] , BaBar [85], LHCb [90]
pp— (J/brtm) + ... CDF [83, 91, 92, 125], DO [84]
B— K+ (J/¢Yntn~ %) Belle [94] , BaBar [59]
B — K + (D°D°x°) Belle [95] , BaBar [96]
B— K + (J/¥7) BaBar [126], Belle [127] , LHCb [128]
B— K+ (4'7) BaBar [126], Belle [127] , LHCb [128]
pp— (J/brtaT) + .. LHCb [86], CMS [87]

X(3915) 3917.44+27 28%'9 0t*  B— K+ (J/Yw) Belle [58] , BaBar [59]
ete”™ s ete” + (J/Yw) Belle [60] , BaBar [61]

xe2(2P)  3927.2+26 2446 2tt  ete” w ete” +(DD) Belle [64] , BaBar [65]

X (3940) 30429 3772 o(7)~ (™ e:e_ — J/¢ + (D*D) Belle [27]
ee” = J/p+(...) Belle [26]

G(3900) 3943 +£21 52411 17~  ete” - v+ (DD) BaBar [129], Belle [130]

Y (4008) 4008712 226497 177 etem —wy+ (J/bwtaT) Belle [32]

Y (4140) 414443 1749 7 B K+ (J/Ye) CDF [74, 75], CMS [77]

X (4160) 4156722 1301113 (7))~ etem = J/ib + (D*D) Belle [27]

Y (4260) 426315 95+14 177 ete” w v+ (JpntnT) BaBar [30, 131], CLEO [132] , Belle [32]
ete” = (J/rtnT) CLEO [133]
ete™ = (J/on°x°) CLEO [133]

Y (4274) 4292+6 34416 7"t B K+ (J/be) CDF [75], CMS [77]

X (4350) 4350.6735 133155 0/27F  etem — etem (J/0¢) Belle [81]

Y (4360) 4361+13  74+18 17— efe” s y+ @ ntn) BaBar [31], Belle [33]

X (4630) 4634* 3 9213} 177 ete” 5y (ATAD) Belle [134]

Y (4660) 4664+12  48+15 177 ete” sy + @ ntn) Belle [33]

Z7(3900) 3800+3 33+10 17 Y(4260) -7 + (J/omT) BESIII [39], Belle [40]
Y (4260) — m~ + (DD*)* BESIII [56]

Z1(4020) 4024 +2 10+£3 1(7)Y7 Y(4260) —» 7 + (hen") N BESIII [41]
Y (4260) — 7~ + (D*D* BESIII [42

Z; (4050) 4051723 82131 27+ B(—> K)+ (Xer 7r+() : Belle [43[], LaBar 53]

Z7(4200) 4196735 3707, 17T B K+ (J/¢rt) Belle [51]

Z5(4250) 42487152 177 "t B K4 (xarnh) Belle [43], BaBar [53]

Z1(4430) 4477420 181431 1t B K+ (4'7t) Belle [44, 46, 47], LHCD [48]
B— K+ (Jynh) Belle [51]

Y;(10890) 10888.44+3.0 30.7°37 17— efe” — (Y(nS)nwtn ) Belle [117]

Z;7(10610) 10607.242.0 184424 17— “X(55)" = n + (T(nS)n7), n=1,2,3 Belle [119, 122]

“Y(55)" = 7~ + (he(nP)nt), n=1,2 Belle [119]

Clnd two “P(58)" = 7~ + (BB")*, n=1,2 Belle [123]
Z9(10610) 10609+ 6 1= “T(55)" = 7° + (T(nS)7°), n=1,2,3 Belle [121]

Zb mesons Z;(10650) 106522415 115422 1t~  “T(55)" = 1~ + (Y(nS)7+), n=1,2,3 Belle [119]
“P(55)” = 7~ + (hp(nP)7*),n=1,2 Belle [119]

“P(58)” 7~ + (B*B*)*,n=1,2  Belle [123]




The XYZ mesons + ¥, bmgoms

State M (MeV) T (MeV) JPC  Process (decay mode) Experiment
X(3872) 3871.68+0.17 <12 1t B K+ (J/rtn) Belle [82, 89] , BaBar [85], LHCb [90]
pp— (J/brtm) + ... CDF [83, 91, 92, 125], DO [84]
B— K+ (J/¢Yntn~ %) Belle [94] , BaBar [59]
B — K + (D°D°x°) Belle [95] , BaBar [96]
B— K+ (J/¥7) BaBar [126], Belle [127] , LHCb [128]
B— K+ (4'7) BaBar [126], Belle [127] , LHCb [128]
pp— (J/brtaT) + .. LHCb [86], CMS [87]
X(3915) 3917.44+27 28%'9 0t*  B— K+ (J/Yw) Belle [58] , BaBar [59]
ete” s ete” + (J/Yw) Belle [60] , BaBar [61]
xe2(2P)  3927.2+26 2446 2tt  ete” w ete” +(DD) Belle [64] , BaBar [65]
X (3940) 30429 37120 0(7)"(F etem = J/ih + (D*D) Belle [27]
ete” = J/b+(...) Belle [26]
G(3900) 3943 +£21 52411 17~  ete” - v+ (DD) BaBar [129], Belle [130]
Y (4008) 4008712 226497 177 etem —wy+ (J/bwtaT) Belle [32]
Y (4140) 4144+3 1749 7 B K+ (J/Ye) CDF [74, 75], CMS [77]
X (4160) 4156722 1301113 (7))~ etem = J/ib + (D*D) Belle [27]
Y (4260) 426315 95+14 177 ete” w v+ (JpntnT) BaBar [30, 131], CLEO [132] , Belle [32]
ete” = (J/rtnT) CLEO [133]
ete™ = (J/on°x°) CLEO [133]
Y (4274) 4292+6 34416 7"t B K+ (J/be) CDF [75], CMS [77]
X (4350) 4350.6735 133155 0/27F  etem — etem (J/0¢) Belle [81]
Y (4360) 4361 +£13  74+18 17  ete w4+ W wta) BaBar [31], Belle [33]
X (4630) 4634* 3 9213} 177 ete” 5y (ATAD) Belle [134]
Y (4660) 4664+12 48415 177 ete” s y+ @ atn) Belle [33]
Z7(3900) 3800+3 33+10 17 Y(4260) -7 + (J/omT) BESIII [39], Belle [40]
Y (4260) — m~ + (DD*)* BESIII [56]
Z1(4020) 4024 +2 10+£3 1T~ Y(4260) = 7~ + (hen') BESIII [41]
Y (4260) — n~ + (D*D*)* BESIII [42]
Z; (4050) 4051723 82131 7" B K+ (xanh) Belle [43], BaBar [53]
NOW IOTS Z7(4200) 4196735 3707, 17T B K+ (J/¢rt) Belle [51]
Z5(4250) 42487152 177 "t B K4 (xarnh) Belle [43], BaBar [53]
Of C h(]r'ged Z(4430)  4477+20 181+31 1t B K+ (¥'7") Belle [44, 46, 47), LHCb [48]
B— K+ (Jy=T) Belle [51]
ZC mesons Y;(10890) 10888430 307752 1~  ete — (T(nS)rn ) Belle [117]
Z7F(10610) 10607.242.0 184424 17— “Y(5S)" = n + (Y(nS)nT), n=1,2,3 Belle [119, 122]
“Y(55)" = 7~ + (he(nP)nt), n=1,2 Belle [119]
Clnd two “P(58)" = 7~ + (BB")*, n=1,2 Belle [123]
Z9(10610) 10609+ 6 1= “Y(58)” = 7%+ (T(nS)7°), n=1,2,3 Belle [121]
Zb mesons Z;(10650) 10652.2+1.5 115422 11— “Y(55)” = 7~ + (T (nS)7T), n =1,2,3 Belle [119]
“r(58)” = 7~ + (hs(nP)7t), n=1,2 Belle [119]
Clnd TWO “v(59)” - 7~ +(B*B*)*, n=1,2 Belle [123]
P.(4380) 4380+30 205+88 3/2 Ab9 KpJ/y LHCb
PC pen'raq uar'ks P.(4450) 445043 39+20 5/2* Ab9 K-pJ/y LHCb



The XYZ mesons + ¥, b&rvahs

and two
P. pentaquarks

State M (MeV) T (MeV) JPC  Process (decay mode) Experiment
X(3872) 3871.68+0.17 < 1.2 1t B K+ (J/rtn) Belle [82, 89] , BaBar [85], LHCb [90]
pp— (J/ortn™) + ... CDF [83, 91, 92, 125], DO [84]
B— K+ (J/¢Yntn~ %) Belle [94] , BaBar [59]
B — K + (D°D°x°) Belle [95] , BaBar [96]
B— K+ (J/¥7) BaBar [126], Belle [127] , LH
B— K+ (¢'7) BaBar [126], Belle [127
pp— (J/brtaT) + .. LHCb [86], CMS [8
X(3915) 3917.44+27 28%'9 0t*  B— K+ (J/Yw) Belle [58] , B
ete™ = ete” + (J/Phw)
xe2(2P)  3927.2+26 2446 2tt  ete” w ete” +(DD)
X (3940) 30429 37120 0(7)"(F etem = J/ih + (D*D)
ete” = J/b+(...)
G(3900) 3043 +£21 52411 17~  ete” =y +(DD)
Y (4008) 4008712 226497 177 etem wy+(J/Y7m
Y (4140) 4144 +3 1749 7" B K+ (J/
X (4160) 4156722 139%11 0(7)"DF etem = J
Y (4260) 426315 95414 1= + O [132] , Belle [32]
Y (4274) 4292+6  34+16 774 F [75], CMS [77]
X (4350) 4350.673¢  13.3%15:0 Belle [81]
Y (4360) 4361+ 13 BaBar [31], Belle [33]
X (4630) 4634% 5 Belle [134]
Y (4660) Belle [33]
Z7(3900) JbnT) BESIII [39], Belle [40]
(DD*)* BESIII [56]
*) BESIII [41]
— 7~ + (D*D*)* BESIII [42]

Z2(10610)

K+ (xerm™) Belle [43], BaBar [53]

B— K + (J/nt) Belle [51]
B— K+ (xanh) Belle [43], BaBar [53]
B— K+ @' n") Belle [44, 46, 47], LHCD [48]
B— K + (Jyrt) Belle [51]
30 30752 1 - ee — (Tmd)atn) Belle [117]

607.2+2.0 184+24 17— “Y(55)" =7 + (Y(nS)7nt), n=1,2,3 Belle [119, 122]
“Y(55)" = 7~ + (he(nP)nt), n=1,2 Belle [119]
“r(55)" =7~ + (BB )", n=1,2 Belle [123]

10609+ 6 17 “r(55)" = 7° + (T(nS)7°), n=1,2,3 Belle [121]

Z;F(10650) 10652.2+1.5 11.54+2.2 17—

“r(58)” = 7~ + (Y(nS)7+), n=1,2,3 Belle [119]
“r(58)” = 7~ + (ho(nP)7t), n=1,2 Belle [119]

“r(58)” = 7~ + (B*B*)", n=1,2 Belle [123]
P.(4380) 4380+30 20588 3/2  A,~2>Kpl/y LHCb
P.(4450) 445043 39+20 5/2* Ab9K‘pJ/1p LHCb



New preliminary result from BESII!

on the time-like form-factor of the A



space-like & time-like form-factors

vl
Space-like: w ST

FF real -
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ete™ — NN, AN, ..

Time-like:
FF complex

i Time-like

i unphysical |

> A2
q?=0 q’=2m, q



First event in BESII|I




events we don’t usually show in public




What would a AA at rest look like in BESIII

For A =2 pmand A prt*

Tracking volume

17t && 1 7w with p=100 MeV/c
at least 1 track from r=3cm




about like this




What would a AA at rest look like in BESIII

ECL: EM
calorimeter
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@E_ =2m, +1MeV BESII

For A pn‘and/_\éfm” For A = prt(or n®) and A 2 nx®
- r~ LN L R L LR L R L
g o. 16 —|—data i
=~ 14 =] sigoat MC .
g *2 separated beap> “kg
~ v 12 oF k m
— > L
2 = 10
c
Q
>
w +
= o5 3 :;,5 4 45 5 806 o008 olo o012 o014
vr distribution (cm) Momentum _, (GeV/c)
Vs (MeV) Reconstruction TBorn (PD)
2232.4 A= pr=, A—prt 325 + 53 4 46 } two methods
A — an? (3.0£1.0£0. 4 x 102 are consistent
combined 320 £ 58
. 2400.0 133 +£20+£19
conventional analyses o _
ot hiohor erer iyes -I: 2800.0 1534 5.4 4 2.0
9 9 3080.0 39+1.1405




Cross section: ete” 2y*2>AA
4:105@

G, (m) (1+1/27)
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Effective time-like form-factor of the A

3m’o, -
Geﬂ(m)‘ =\/ . OAA

daaf(1+1/27)
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Relation to the A’s time-like Form-Factor

eA2eA ete Sv*>AR
v
S X . lika-

Space-like: §E]/’(q) -II;IFme |Ikel.

FF real N ' complex

> *A

Is there some
structure here?

|

g<=0 qg-=2m,



The Z(4430)



Found by Belle in 2007

2007 slice & dice anlally§i's

T T T T l T T T T I T T T T l

S-K Choi et al Belle: PRL 100 142001

M =4433+4 +2 MeV
[=45"3"" MeV

Bf(B" =7, K" )xBf (Z,, »n ) =(41£19+14)x107



Z(4430), “smoking gun” multiquark
meson?

»decays to ' = must contain cc pair

>electrically charged & must contain ud pair

If itis areal meson ...



Neither confirmed nor contradicted by BaBar

Events/10 MeV/¢

vvvvvvvvvvvvvvvvvvvv

d D ; — ]
: Belle  Belle : 660M BB ;
a in signal region a
PRL100,142001 -

BaBar : z155|v| BB
1gnal region

46 48
2
M, (GeV/cY)

Z(4430)t>(2S)m*

1 Significant signal at Belle

V.S.

: Only hint with 1.90 at BaBar

Statistically, both are not contradicting
with each other, but clear answer is to be
given by higher statistics data.

19
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Dalitz Plot

s K,*(1430)>K'r
| ' | | (doublle—lobed D;wave?)
05 | 1 5 2 25

K*(890)2>K'm  M?2(K*m)

Z(4430)?



“Reading” a Dalitz plot

23 P n

22

21

IIIIII[l]III

M2(x MZ(‘J'C‘IP.)

-
]
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17

16

15 |
:llll|IIlllllllllllllll]llllll

45 0.5

M2(Kr)

M (y') & cos6 are tightly correlated;
a peak in cos6, = peak in M(mty')




2-body isobar model for >Kmy’

1
A x :

ey
A5~
B ERN\ ~4
. (FEIRIRAE)
N

Does \M\z x

fit the data?

(E aA’

EalAfW
i

Or do you need |M[ «

2
?

2
+ bB,

Our default model
Ky’
K*(890)’
K*(1410)y'
Ko*(1430)y’
K,*(1430)y’
K*(1680)y’
KZ*




2013: 4-Dim ampl. Analysis from Belle

4-dim ampl. anal: My, M., 6,, ¢ - - -K;>
¢

K*(892) and K*2(1430) veto

" K Chilikin et al Belle: PRD 88 074026
| With Z(4430)

’ strong interference
6 10 between Z & K* amps

higher mass & 35
broader width:

_ Without Z
25F
M=448525 MeV 5 /
['=20071"2 MeV 150
10>
5

.0..0.». A.o,-v.c. ‘9 0.‘«2» mc'.o,.o 2 c’. 2 X %13

|v|2(n 11) )

Bf (B’ = Z(4430) K*) x Bf (Z(4430)" =»a ') = (6.0%" ) x 107

20-14



150

100 |

BW resonance on a large coherent

phase structure of Ay,

Sém‘. x

” /" ~180°
E X :
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e > p
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vvevgvvvey

Bkg
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Cartoon, for

...... illustration only

[ \\N,’,

 BW=|Ag, |2
/ Bw !

destructive
intferference




Shape of Z(4430) “peak”

2008 1-dim fit

K*(892) and K*2(1430) veto

constructive
interference

M =4433+4 +2 MeV|
=457 MeV

With Z(44

Without Z

4

2013 4-dim fit

M = 448570 MeV
['=20071"2 MeV

K Chilikin et al Belle: PRD 88 074026

/

00

%s“w

B
RRRL_ XKl K
#ﬁfﬁﬁ&%%vw&&C"V

0212

0

M?(rt* 11) )

30) 6.10

destructive
interference

14%13



LHCDb

B—>K*m example
LHCb Event Display

9.10. 2011 14:07:51 - A
Run 103180 Event 1878017019 bId 2718 d

: " Bs—>Ds example * Very large cross section in forward
IER region in pp collision.

= « ~2K B mesons /fb! wrt e*e” B-factories
= * Flight length of bottom and charm

I P hadrons ~5-10x0,,,

= AN SN A




Z(4430) confirmed by LHCb last year

V4 . . .
B2 Kt*y’: 4-dim amplitude analysis
R. Aaij et al LHCb: PRL 112 222002

All Kzt masses K* veto

T T | T T T | T T T | T T T | T T v ' ' 1 ' ' ! 1 1 ! ! v | ! v

LHCb i LHCb
PRL 112, 222002 200 H.0 < my, < 1.8 GeV?
. <L

1000

100 |-
0— P S AT aa s TG L ._ 0 , o T ot
16 18 20 22 16 18 20 22
M(rtHy’) (GeV) Jh=1 M(mt*y’) (GeV)

M = 4475+ 7" MeV
[=172+13%] MeV



Rescattering process?

V(2S)
n+
s K-
BW amplitude /
(with BW phase)
HE
=%r low|D,; mass
z

60 __
gh D,, mass

=¥

/

(=]
(=]
I

38 4 42 44 46 48

Pakhlov, PLB 702 (2011) 139

Meng & Chao, arXiv:0708.4222

220 -
=E el ;1;19.46 b)
- SN
C. B /?" \
S -~ "/ / \.0 (’4
‘s 10— Q‘IQ 88
= TN rescatterlng
2\ : !/
=\ model / ‘/'
E 0 |—------ h.\l‘ ST ,.’ ..................
—_ €20.63
- P. Pakh!ov, T. Uglov
_ PL B748, 183 (2015)
Ty J TR SR B S
-10 0 10

clockwise phase motion

20

Re(A.). arbitrary units



phase motion reported by LHCb

counter-clockwise phase motion

EO_Q:_ LHCb

0.2 N —
04 / -
| BW resonant phase moﬁon
~06 1 1 | | 1 1 1 | 1 | 1 i 1 1 1 | |
0.6 04 0.2 0 0.2

Re A%
BW:-like resonance behavior is clearly established



Pentaquark-like states from LHCb

Slide from Tomasz Skwarnicki’s talk at LP2015, Lubjana



iﬁcﬁ Pentaquarks, LHCb, T. Skwarnicki LP2015 6
LHCb A= J/y p K

LHCb-PAPER-2015-029, arXiv:1507.03414, PRL 115, 07201

The sideband

distributions are flat 4000

— NO major

reflections from the 3000

other b-hadrons

after the selection 5gq

—

Events/(4 MeV)

1000

LHCb é"’—-—:ga't':’—/
— total fit

Run | — signal

3 fbT + ----- background

Ag signal

o
o
o
.

sideband | &4 { .- sideband

| 26,007+166
Ap? candidates

The background
is only 5.4% in
the signal region!

.
o
o
.
.
.
o

5500 5600 5700
my,. ok [MeV]

« The decay first observed by LHCb and used to measure AL lifetime:
— LHCb-PAPER-2013-032 (PRL 111, 102003)



.~ KpJ/y Dalitz plot

l LH(sb — =
3——\2} Al
—=— data

—— phase space
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Amp. anal. for A,2Kpl/y ; J/y=2uw

6 variables: M, and five angles

A, rest frame

=

e

| rest frame

A rest frame

lab frame



Include all known A* resonances

State JP My (MeV) Ty (MeV) # Reduced | # Extended

A(1405) 1/27  1405.171%  50.54+2.0 3 1
A(1520) 3/2~ 151954+ 1.0 15.6+ 1.0 5 6
A(1600) 1/2+ 1600 150 3 4
A(1670) 1/2- 1670 35 3 1
A(1690) 3/2" 1690 60 5 6
A(1800) 1/2- 1800 300 4 1
Altknown ) (1810) 1/2* 1810 150 3 4
states 3
A(1820) 5/2+ 1820 80 1 6
A(1830) 5/2- 1830 05 1 6
A(1890) 3/2° 1890 100 3 6
A(2100)  7/2° 2100 200 1 6
A(2110) 5/2* 2110 200 1 6
A(2350) 9/2+ 2350 150 0 6
A(2585) 5277 ~2585 200 0 6

PRL 115, 07201 (2015) # of fit parameters: 64 146



Significance and results

— significance of P,(4450)* state is 12c
— significance of P,(4380)* state iIs 9c

. State | Mass (MeV) Width (MeV) Fit fraction (%)

P.(4380)* 4380 #8+29 205+18+86 8.4+0.7+4.2
P (4450)* 4449.8+1.7+2.5 39+ 5+19 4.1+0.5+1.1
A(1405) LHCb-PAPER-2015-029, 15146

A(1520) arXiv:1507.03414, PRL 115, 07201 19+1+4



Pentaquarks, LHCb, T. Skwarnicki LP2015 :

S 2200 —a— data 2 800
= -008 ’ —e— total fit >
background
T} a To)
1800 ¢ @ LHCb --=p-- A(1405) ':,700
5 L -3 A(1520) )
£ 1600F & -r-- A(1600) =
o i A(1670) o
S >
o 4% s . A(1690) LU 500
1900 -=¥é== A(1800)
o A(1810) 400
1000 3 ) centees A(1820)
5 ;"‘ ---%--- A(1830)
800 i ceedes- A(1890) o
- --i-- A(2100)
600
cendens A(2110) 200 _
400F-&" 'y 4 i+ W L A(2350) G A e 0 8
LR S ,’\(2385) 1 2 4 vols - Ot o ac
200 = .y
? ' $ we ' - =T o A i . 0 ~Ty
4 16 18 2 2.2 2.4 2.6 5

My, [GeV] myp [GeV]

« Use extended model, so all possible known A’
amplitudes: my, looks fine, but not m,,,

« Additions of non-resonant term, X’s or extra A”’s
doesn'’t help



—

i ﬁcg Pentaquarks, LHCb, T. Skwarnicki LP2015 12

it with A”sand one P.*—J/yp state

= 2200 —=— data 2 800
20 ! —e— total fit S
background
To) a To)
—1s00f ¢ @ LHCb WE P =
S # --de-- A(1405) 5
21600 - @ee A(1520) € 800
2 1400 £ . A(1g<7>g) 2
H A(1670)
P —-ye-- A(1890) Lt 500
1200 ---- A(1800)
| cestes A(1810) 400
1000 8 ceede- A(1820)
wf % N -
" "echees
] | 1 'ﬁ* ceeire- A(2100)
SN ...-. . eefe-= A(2110) 200
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(extended A" model)

« Try all JP of P+ up to 7/2* |
 Best fit has JP =5/2*. Still not a good fit
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b Fit with A”s and two P *—J/yp states =
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Obtain good fits even with the reduced A" model

 Best fit has JP=(3/2-, 5/2+), also (3/2+, 5/2°) & (5/2+,
3/2°) are preferred
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P.(4380) & P_(4450): contain at least 5 quarks

»decays to J/¢ = must contain cc pair

»Decays to proton = baryon # must be B=1

Pentaquark!



Tetra- & Penta-quarks have been found

bUT WhiCh OneS?? Cb Pentaquarks, LHCb, T. Skwarnicki LP2015
bty Different types of tetra- and penta quarks>
“plain” .:@o

triquark

diquark
model

hydro-charmonium
model

molecular
model

or mixtures of some (all?) of these?



Comments

@ Tetra- & Penta-quarks exist and have been observed
-molecules? ...diquark-diantiquarks? ...mixtures?

@ Preliminary results from BESIII show anomalous behavior
in the A time-like form-factor at the q°=2m, threshold

@ The game has changed:
-experiments: simple peak fitting is not enough;
full-blown amplitude analyses are required
-theory: cartoons that show that a theory can produce

peaks won’t suffice fits to data, including phases
are necessary






