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Bound states of quarks that mesons and
baryons were first proposed in 1964 by Gell-
Mann and Zweig,.

qgqq states are not a priori excluded.

Light quark spectroscopy used to understand
structure of these states.

But, difficult due to wide overlapping states
and background.

Highly relativistic constituents (u, d and's
quarks) make theoretical predictions difficult.

What about heavier quarks?

Three quarks for Muster Mark!

PHYSICS LETTERS 1 February 1964

Volume 8, number 3

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-MANN

California Institute of Technology, Pasadena, California

Received 4 January 1964

We then refer to the members u3, d-3, and s-3 of
the triplet as ""quarks" 6) q and the members of the
anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations
tc., while mesons are made out
te. It is assuming that the lowest




e Non-relativistic calculations

» potential models

e |attice QCD

Classity using JPC
J=L®S

(_1)L+1
(_1)L+S

» Simpler system to analyse since c quark is heavier 4.4 |

» Narrow, non-overlapping states below DD

threshold

* No mixing of cC with lighter gq states.
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Charmonium spectroscopy (cC)
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Exotic charmonium spectroscopy (cC)

Many different exotic (XYZ) states have been seen.

BESIII, Belle/BaBar, CDF/DO, LHC
PC

mass/width, decay, J

Are these [QQ][qQq] (tetraquarks), mesonic
molecules, hybrids, threshold effects...?

No clear pattern: need experimental, theoretical
study to understand strong interaction dynamics
that can cause their production and structure.
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[Godfrey, Olsen, Ann.Rev.Nucl.Part.Sci.58:51-73,2008]
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Lattice calculations being done to look for exotic states e.g.,
[TWQCD PLB 646 (2007) 95-99]




Meet the family

A)
~f y
b — — ¢ 4 /4 ¢ ¥ (4260)
_ z’
q - q | ¢ 3 Jly ¢
Y (4260) X (3940) X(3915) -
Y (3940 Y(4008) X (4160) X (4350) Z (4025)
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Recent review article -
Zf 4200) [Chen et al arXiv:1601.02092]
ZC*((4240)) Olsen arXiv:1511.01589]
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See backup

P(4380)

P.(4450)

X(3872) also observed in prompt pp, ppbar collisions and ISR



Exotic baryons
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Pentaquark observation ....cosoumn
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Am p I itu d e m Od el [PRL 115 (2015) 072001]

* Two interfering channels. Ag — J/YA* AF — pK~ A, res&)frf%le

» Use 5 angles and m(Kp) as fit observables.

* Resonance mass-shapes: Breit-Wigner or Flatte.

A rest frame

State J¥ My (MeV) Ty (MeV)

A(1405) 1/2—  1405.1F75  50.5+2.0 VoA

A(1520) 3/2— 15195+ 1.0 15.6+ 1.0 A,

A(1600) 1/2+F 1600 150 lab frame

A(1670) 1/2- 1670 35

A(1690) 3/2- 1690 60 W rest frame Ajrestirame 4 o
A(1800) 1/2- 1800 300 K_W P.
A(1810) 1/27 1810 150 >
A(1820) 5/2% 1820 80 N
A(1830) 5/2- 1830 05 |

A(1890) 3/2+ 1890 100 . b

A(2100) 7/27 2100 200 P Tt P.rest frame ,,

A(2110) 5/2F 2110 200 P S —A

A(2350) 9/2+ 2350 150 A,

A(2585) ° ~20% =00 Ag — B c+ K P c—l_ — J/Yp lab frame 9



Results without P_ states v sws e
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* Using full set of A*'s m(Kp) looks good but not m(Jpsi p).
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Extended model with one P_ ......con e

% 2200 :— —a— data % 800 +
= 5000k- t —eo— total fit — -
- background C LHCDb
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200E Pro T :
4 1.6 1.8 2 2.2 2.4 2.6 4 .

e Try all A*'s with J° up to 7/2"" \/AQE — 14.70

. Best fit witha J' = 5/2° pentaquark gives improvement, but m(Jpsi p) still not good.
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mOdeI With tWO PC’S [PRL 115 (2015) 072001]

= 2200F- . data %\800?_
% 2000:— t _ Loatg:(g:ound = E + LHCDb
LO C ¢ (a) LHCb g P_(4450) 1'-‘_) 700 (b) f
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« J'=(3/2%,5/2) and (5/2%,3/2) also give good P.(4380) P.(4450)
: JP 3 5T
fits: need more data. 5 >
Addit £ oth d ot give Mass [MeV/cz] 4380 £ &8 =29 44498 £ 1.7 £ 2.5
AOCIHON OT OINEFTESONANEES Goes MOt S Width [MeV/c2] | 205+ 18 + 86 30 4+ 5+ 19
improvement. Fit fraction [%] | 84+0.7+4.2 4.1+05+1.1
* Significance evaluated using toy simulation, Significance 9o 120

including systematics. 12



Angular distributions ....csemm
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Resonant behaviour - a bound state?

* Replace BW amplitude with 6 independent complex numbers in 6 bins of m(J/Pp)

in region of P_mass peak.

 Allows P_shape to be constrained only by amplitudes in Kp sector.

» Observe rapid change of phase near maximum ot magnitude = resonance!
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Pentaquark model-independent ..

Theory predictions for A*
Well established A* states

. . > ob -
* N\* spectrum is largest systematic S 2oL e
uncertainty in observation of P. states. Suob = = T =
| 200 — 1] — —
* Model-independent approach: do not  ==—"" D _ — -
: 2000~ — — -
assume anything about A*, 2* or NR s 5
composition, spin, masses, widths or igoor- | | 77 = = [] [
mass—shape. o= | | T — Only low-spin
i = — states at low masses
| | | 1400F
* Only restrict the maximal spin of L ] 33 S5 T 99 I
. pof2 2 2 2 2 2 2 2 2 2 2
allowed A* components at given m(Kp) -
—_I_.I_.I_l_l_.l_.l_l_l_.l_l_l_l_.l_l._l_l_.l_.l._.l_l_l_.l_.l

1000
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@)
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[Extension of BaBar PRD 79 (2009) 112001]
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Pe ntaq ua rk mOdeI'i ndependent [LHCb-PAPER-2016-009]

» Expand cosB,+ distribution in L ~ LHCb
Legendre polynomials. < oo/l b
l o 0.6 o s
dN — 0.4 o
— E <PZU>PZ(COS HA*) 0.2
d cos GA* o :D-.

- - e
- n C ot =" 8
| -. : ----- g
. _.:_'._.l A=
-- .--.

e Moments obtained from the data in : F--
0.6 = L)

bins of m(Kp): ok t )
:-' :

“square”
Dalitz plot L&

k
Necand

(PUYe = 3 (wi/es) Pi(cos 0.
i=1
« Maximal rank of the Legendre polynomial l.x cannot be higher than 2/max, where
Jmax is twice the highest (Kp) spin which is present in the data at a given m(Kp) value.
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Pentaquark model-independent ..

» Expand cosB,~ distribution in
Legendre polynomials.

z filter out
dN max maximum

———— =2 (P/)Pi(costy-) Spin for
COS U A + —o | each m(Kp)

e Moments obtained from the data in
bins of m(Kp):

k
Necand

(PPY* = > | (wi/e;)Pi(cos 0y.)

?:=1 1.5 2 l.Spr [GZeV]
« Maximal rank of the Legendre polynomial l.x cannot be higher than 2/max, where

Jmax is twice the highest (Kp) spin which is present in the data at a given m(Kp) value.
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Pentaquark model-independent ..

» Simulate phase-space decays of Ag — J/YpK ™

* Weight according to m(Kp) and the moments (with [,,,.-filter applied)

* Look at reflections of the pK system into the J/Pp system — pK reflections cannot

explain narrow structure!

» Use likelihood ratio to test various hypotheses - Null hypothesis (A* only) rejected at 9c

[W—
-
-
-

-P--|||||I||||I_||||||||||

800

Yield / (20 MeV)

600

400

200

-

S 180 ~
= n ge  SEveas ) 600 -
QE) . I 8 F(AR2InL) [ H)) : S AC2InL) 1H)
= 160 - 500 "
ﬂ qi)" _ E A* = Bif. Gaussian fit
$ 5 o [ 10
;o & "F P —* A*P (4380) =205 MeV data
i LHCb R S 300
O 120 |
. Q. : § 200
) - _ Ny
Helatt e g F IS , Ly |
Yy g 80— ] A%, 050 "0 50 100 150
> F P (4380) I'=205 MeV,
60— P(4450) ['=39 MeV
o |
40 — \
20 :—
I 1 1 1 l 1 1 1 I 1 1 q 1 1 | I : . ﬂ_
4.2 4.4 4.6 4.8 5 0 T

my,, , [GeV] 150 250 300 350 400
A(-2InL)

18



Pentaquark interpretations

 May be molecular or tight

vy bound pentaguark

or some hybrid (see talks a

[Maiani et al arXiv:1507.04980] [Lebed arXiv:1507.05867]

[Zhu arXiv:1510.08693]

ter coffee)

» Experimental programme: look for new decay modes and production

mechanisms

Ay — P?K° — J/ynK® or J/vypr~ K°

 Look for partner states: AY — PY o — J/pAd

 |sospin (ccudd),

strangeness (ccuds), bottom (bbuud) partners

» Cabibbo-suppressed decays A? — J/hpr~

—x(
» Open-charm and charmless decays Ay — XD~ Ay = ASD

19



Pentaquark interpretations

» P.(4450) has mass just above threshold of Xc1P o1}

* Maybe due to kinematic rescattering eftect?
Guo et al PRD 92 (2015) 071502(R)]

» Reproduces phase motion of Pc(4450) but
what about Pc(4380)?

~0.3f , .
» Rescattering would not explain narrow S S DI -

enhancement above Xecl1P threshold

&
Q —
Ny - =z
; _ = _ BY — XCK*O o0
K7 -“K~ = E | Xc1 constraint s
y p p A* ~— 200_ I‘!' C /g
Ag Ag P P O _ / '\ o
'S A Xa~ ~<TJ/y = 1008 - ,,/ ‘ g
slea J/¢\ . I - % :* 0_T N _ ® &
(d) (b) % 0 . L N ] al
O 5.2 5.3 5.4 5.5



Exotic mesons

7(4430)




The X(3872) revolution

- - +, -
e QObservation in 2003 by Belle has led to a BT — X(3872)K™, X(3872) — J/¢m "

revolution in exotic meson/baryon

o 5
SPEeCtrosCopy. [PRL 91 (2003) 262001 - 1183 citations!] = 1200 ~
N ~
— O
o . — <1000 :
» Exotic interpretation: cCuu tetraquark, 3 N
* — — —_— (© N
DD™ = (cu)(Cu) molecule, cCg 5 800 S
S -
< 600 B
3 S
Observation Note g 400
Z
— JJue®, JJunt ™ Belle [63], BaBar [84 200
— Jpe(— ntn~aY) Belle [75], BaBar [90] 0 , Ay
” L 07340 10 70,0 el BB (2 600 : 1000 1200 1400
DVD* DVDYn Belle [76], BaBar [87 M dv) - M) [MeV]
= yJ Y, i (3686) Belle [75], BaBar [86]
pp =+ X(3872) (= JynTn") CDF [67], D0 [68] FX(3872) < 1.2 MeV/02 =
, . ,
- Jjyn*n LHCb [91],CMS [73]
pp —» -+ + X(3872) 4 Mx (3872) = 3871.69 + 0.17 MeV /c* &
| - vJ /[, W (3686) LHCb [92]

N

et e~ [— Y(4260)] = yX(3872)(— J/yntn™) BESIII [93] Mpo + Mp~o = 3871.81 + 0.09 MeV/ ¢’ 2



X(3872) quantum numbers [PRD 92 (2015) 011102]

» C=+1since X(3872) — J/1y BT — X(3872)K™, X (3872) — J/ym ™

» Pure DD* molecule interpretation
disfavoured. (11cn nee sse 2014) 465

* Analyse 5D angular correlations

* Amplitude model includes D-wave
components (previously ignored)

» Use likelihood ratio test to compare J™*

hypotheses
Previously studied by: I MQJx)|* = Z | Z Ax DOJf‘)‘W x,(0,0x,0)"
LHCb PRL 110 (2013) 222001] AT Ay 10,41

Belle PRD 84 (2011) 052004]

* * 2
CDF PRL 98 (2007) 132002] D;, o(A¢x,p,0,,0)" Dy, ax, (Abx g, 00,0)" |7,

23



X(3872) quantum numbers [PRD 92 (2015) 011102]

PC ++ ,
1 confirmed!

¢ J

» 3x larger sample
than previous result

* D-wave negligible
< 4% @ 95% CL

e p(7/70) dominates —
decay violates
isospin so unlikely
to be conventional
ccbar

160
140
120

100

Candidates per 1 MeV

Ny = 1011 =+ 38

150
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S
i
1
|
|
|
|

50 -

J/y A(l)x,dhp

LHCDb

760 780 800 820
A M = M(x'mdhp) - MJhp) [MeV]

Candidates
S
'
i
B
|

-- data

Candidates per 10 MeV
= o] oo 3 K;
o o o o o

N
o

0
500

p(770

Jorss
ALY L

50 g— 1++ —

Candidates

——

600 700 800
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Future X(3872) measurements

» Charged partners of X(3872)
predicted by some tetraquark models

[Maiani et al]

* But so far not observed in B decays

* May be broad due to presence of
thresholds, so experimental
techniques should be aware

* Make more precise width and mass
measurement 11X — M1 (29)

[BaBar PRD 71, 031501 (2005)]
C\lo i T T I T (\lo | T T T T T |
> 50 —(a) . ¢ ; 201-(b) ]
Q ! )| . Q ®
mAUURRTUR - AN
% 30[ | | + 'l Zof '
- - ® ®
o 20+ - O
> _ >
A 0| 1 A

0 0

38 385 39 395 38 385 39 395
m(J/ynn®) (GeV/cY) m(J/yn ) (GeV/c’)
FIG. 3. The J/¢7~ 7 invariant mass in 10 MeV/c? bins for

(a) B = J/ym~ #’K* and (b) for B~ — J/ym~ 7°K3. No
indication for the decay X~ — J/¢sm™ 7’ can be found.
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Z(4430) charged charmonium exotic

« Belle [PRL 100

« BaBar [PRD 79 (
« Belle [PRD 80 (
« Belle [PRD 88 (

uu,
7

N

2008) 142001]
2009) 112001
2009) 031104
2013) 074026

J/pm

B+0 — P(2S)m  K*O

B+0 — Z(4430) K+ utuT, /g

N
(2

/
St

M = 4485755729 MeV /c?

41426
[ = 200735753

MeV /c?

2
A

My’ m), GeV?/c*

1D fit to m(p'mm )
Not observed but does not contradict Belle!

D amplitude fit to m(W'™) vs m(K™n™)

D amplitude fit

"0.50.75 1 1.251.51.75 2 2.252.5
M2(K,x), GeV/c*

Events / 0.17 GeV?4/c?

6.50

40
35
30
25
20
15
10

0

bl

6.40 CE’U,d

6.40

With Z
Without Z

15 16 17 18 19 20 21 22 23

M2y’ i), GeV?c?

[920%7£0 (€102) 88 AQ¥d!
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Confirmation of the Z(4430)

< 10001 1 < E

s | S | =1 -

O O s

b - O X X

* LHCb has >25k BO —» ¢'K'n™ < = D
candidates (x10 Belle/BaBar) 3 > s
with 3% background. S _‘§ N

2 S S

< 8 N

O & L

e Two analysis methods: > 14000 -
i 12000 [~ —

» 4D amplitude analysis used to measure = 10000 E
resonance parameters and J*. TR :

6000 |- —

. . 4000 F :, -

» Study angular moments in model-independent '/ background subtracted :
L. 20001 efficiency corrected data "

way (similar to what was done for pentaquark). o . . 1

3800 4000 4200 4400 4600 4800

My, o5) [MeV/c’] 27



Resonant behaviour - a bound state?

Y L L L L L e . | I T | T I T T T | T
]

LHCb Belle Néo.z:— LHCb 4277MeV —c§
M(Z) [MeV] 4475 +7732 4485+ 2277 : - il
r(Z) [Mev] 172+13+37  200*+41*2 18
fz (%] 5.9+0.9713  10.373933 13
fl (% 167 +£1.6128 - ol -
significance > 13.90 > b.20 _ ' 4605Mev:
J" 1 1 'O'-60t61 o4 02 (|) BT

-
BW amplitude with default ReA

Z(4430) parameters
* Excellent agreement between LHCb and Belle.

* Belle evidence for Z(4430)* = J/@n* and observation  B(7(4430)* — (25)7 ™)

of a new resonant state Z(4200)* = J/Pn* B(Z(4430)F — J/gm+) ~ 10
PRD 90 (2014) 112009] ,




2(4430) interpretations (see talks after coffee)

» Result confirms existence of the Z(4430), measures J"=1* and, for Ngo.z:

the first time, demonstrates resonant behaviour. o

* Mass close to DD* thresholds - perhaps this is the organising

-0.2-
orinciple of these exotic states? [

0.4

* Large width - unlikely to be molecule?

-0.6 I L PN SR S N S T | ' T T ]
-0.6 -0.4 -0.2 0 0.2

» P=+ rules out interpretation in terms of D*(2010)D*;(2420) | Re AZ
molecule or threshold effect (cusp).
[Rosner, PRD 76 (2007) 114002] [Bugg, J. Phys. G35 (2008) 075005] D K-
+ Rescattering effect proposed, but phase motion in wrong direction? B" T
[Pakhov, Uglov PLB748 (2015) 183]
D y

» Diquark-antidiquark bound state is an explanation.
[Maiani et al, PRD 89 114010]

* Potential neutral isospin partner? Z(4430)° in BT — 'K

29



The X(5568)? ......commma

» 5.1sigma claim for exotic state X (5568) — BYn™ % o Rum Il 0.4 1
. . ~ 80 a) N(X) = 133 = 31 qn L T
* Large Bs production fraction: px™® = (8.6 = 1.9 + 1.4)%2 £ o
B o g g ' \" -------- ;I; :(n;rr\otzanc;kground shape fixed
M = 5567.8 + 2.9f(1)‘gMeV/62 bsud <Ot =R B | W i
| L 50 1 — 2 2
[ =21.9+6.4752MeV/c? N +AR = VA2 + A¢
. [0 - P N
z _F + T
: S0 £ + +
2000 , DORunll, 10.4 f = A + +
L \ BY = J/i¢ oih S +
% 1500 — e I = 1 [y ol 1 1 ] 1
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% te % 5 st *+ + <+l *
y— o - - . *
;| f ol i L B g
Q500 S '55—+ ) t 1 H +
prd : &, -105_ * & s 2
N N B W 55 555 56 565 57 575 58 58 59
4.8 5 5.2 5.4 5.6 5.8 6 m (B% %) [GeV/c?]
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LHCb data sample, B, .ccowmco

* Cut-based selection for clean B samples.

* Mass constraints on J/P and D to improve mass resolution (c.f. DO 30MeV)

» Sample 20x that of DO, and much less background.

(o))
o
o
o
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Candidates/(3 MeV/c?)
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B§ _>.D.57.T .

o II<I|IIII|IIII|IIII|IIII|IIII|
o

Pl LH(|)b Preliminary (a) _E
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o= 15MeV / 62 E
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00500
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LHCb data sample, B.n™ wccomacon

Candidates / ( 1 MeV/c?)

Pull

» B,andm required to come from same PV.

 Fit signal using S-wave Breit-Wigner with mass and width of claimed DO signal.

» Polynomial for background (comes from random combinations ot pions with true or fake Bs

pr(BY) > 10GeV /c

candidates.

:Z: Without signal componjnt :
ws ) i HHIH] it llH i
o i} | =
""""" ) *;}"';""""'"';"{';'TT'}""T

5520 5540 5560 5580 5600 5620 5640 5660 5680 5700
m(B2r*) [MeV/c?]

Candidates / ( 1 MeV/c?)

Pull
ANONMRO

~
o
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No significant signal

LHCDb Preliminary (b)

il ik bl
| l{H tkk) i ]’M "
%

5520 5540 5560 5580 5600 5620 5640 5660 5680 5700

m(B2r*) [MeV/c?]
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Upper limits on X(5568) production ...cuumw

e No significant signal seen so upper
9 9 PP PHHCP(BO s 5GeV/e) < 0.009(0.010) @ 90 (95) % CL

limit set by integrating likelihood in
Y J J PP (BY pr > 10GeV/e) < 0.016 (0.018) @ 90 (95) % CL

physical (non-negative p) region.

T | | :
% 250 —LHCb Preliminary Bl ciaimea xisseo i
= B ombinatoria | " . .
« I Cominateial 4« Dominant systematic from changing
<200 — .
o | . DO mass parameters and efficiency
S 150 —
3 150 P44 shape.
§ 1oo: } .
- ) T I d look 1 » Cross-checks show no dependence on
o | What signhal would look - .
A J 1 rapidity.
h ||ke W|th pX 8 6% —
I l l I _

o

5520 5540 5560 5580 5600 5620 5640 5660 5680 5700
m(Bor) [MeV/c?]
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X(4140) and X(4274) B & XK+ X - J/o

-
Q

e Seen by CDF, DO and CMS, not by LHCDb, CDF b)

o 9
O
—~—
. . > 8 2 | LHCb  [PRD 85, 091103(R)]
BaBar, BES-IIl or Belle (in yy fusion). s 7 = gl B"— Jiyo K* o
S & [PRL 102, 242002] = | @ .
2o
» Well above open-charm threshold but has§ 5 S Lo ]‘
narrow width = not conventional ccC. .§ ‘; S o 0
= | 21 AULN LA
T k) | -
. ‘e of . g 2F1F ¥ r Il 1.
* Full amplitude analysis of decay is S 1E r .T m :-:: SR TS ——
essentiall 0! ; ddddd H “.:L_,_.,llllL = — Giobal
= 11 1.2 1.3 14 15 8 e Thvgbody PO (bl
CCSS AM (GeVi/c?) & o Epnnatie 010
Experiment Y(4140) Y(4274) o] N
CDF [69] M=4143.0+29 + 1.2, 1“—117“_‘83137 — 0_""1.1 1.2 1.3 . s
B0 [PLB 734 (2014) 261] _
CDF [100] | M =41434750+0.6,T=153*2%+25 M =42744"2+19,T =32.3%] 7.6
(DO PRD 89, 012004]
D@ [102] M =4159.0+43+6.6,1 =19.9 + 12. 6ié8 — [Belle PRL 104, 112004]
CMS[74] | M=41480+24+63,T=28"15£19  M=43138+53+73,[=380+16 0007101052007

34



B, J/pbd

o [swancon pRD 91 2015 034009 predicts threshold effects in B°—=J/WYdd and other modes.

e LHCb recently observed this decay (resonant decay dominates).

Candidates / (2.8 MeV/c?)

B(B; — J/y¢9)
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60 |
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10 + + + +
b | oo | | 1
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B, J/pbd

o [swancon pRD 91 2015 034009 predicts threshold effects in B°—=J/WYdd and other modes.

e LHCb recently observed this decay (resonant decay dominates).

* T
D_ D
~ 40 ~ 30 —
o, R ' =
=~ ~ |
» Background subtracted no E 35 E : - 8
. . ‘ 25 - ata .
O~
efficiency correction. 3 10 S : b Simulaion | ©
~ ~ i O
. . (o e N Ul
» Simplitied phase-space £ 25 g 20 : 3
: : : 4= §= I =
o e
S|mu\§t|on inadequateto  E 2 15 '
describe structure ~ ~
15 o
* Looking forward to more data
in Run-2 of LHCb... 5
5
O :
2050 2100 2150 2200 2250 4150 4200 4250 4300 4350

m(¢ @) [MeV/c?] m(J/y @) [MeV/c?] 55



Future experimental programme

1. Observe states in different production and decay modes It P states are molecules then their

open-charm decays may be dominant
* Need to look for cC decay modes as-well as open-charm (e.g., B = i e

KDD*) and charm-less.

e Look at all flavours of B-hadrons

» Transitions between exotic states (e.g., Y(4260) -> X(3872)y)

e Publish non-observations!

2. Look for isospin/charged partners
3. Measure branching ratios

4. Measure angular distributions and quantum numbers

» Angular (partial wave) analyses will be crucial, as will accounting for
threshold eftfects

. . . . -0.6- RN T SN N SN T SR NN SO S | R S T
e Publish efficiencies to allow others to better use results -0.6 -0.4 0.2 0 0.2

Re A?

LHCb, CMS, ATLAS, Belle-ll, BES-lIl, COMPASS and PANDA all have role to play!
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Summary

» Revolution in heavy-quark spectroscopy since 2003 discovery

of X(3872).
« ~25 XYZ and P_ states observed using different production 4.4 - [ne@s ;"(‘:3‘:0’)_
Xc2(33P2)
and decay mechanisms. ol Viazs0) ] (0P BB . @)
' X(4160) | w(2°D.)
. . . . % B TS Z.@osor |
* Crucial to confirm observations where possible and use state- S 40 s
. S, X(3940) " Y(3915) | Xc2(23P2)
of-the-art amplitude analyses to understand observed states ! —
: < | Y’’(13D;) -
(look at phase-motion!) e e T
3.6 | NES)
. . . . he(11P4) o1 (19P1) Xc2(13P2)
» Exotic states provide ideal foundation to deepen —
3.4 co(1°Po
understanding of non-perturbative QCD.
established cc states
3.2
predicted, undiscovered
* Only by collecting more observations can we hope to IHIEsT neutral XYZ mesons
piece together the kinematic and dynamical effects that —
O+ 1— 1+- ++ 1++ 2++
govern these states. -
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Z.(3900)" in e'e™—Y(4260)—n"n"J/y

Observation of another possible exotic charged state.

'__U'
120 By
o |s Z(4430)* a radial excitation of Z.(3900)*? % 100 .
[Maiani et al, NJP 10 (2008) 073004] [Wang, arXiv:1405.3581] % .
= 80 N
e CLEO-c and BES-IIl have evidence/observation for S 6o X
) [ ) [ ) ° . o O
neutral member of isospin triplet decaying to nJ/y. % 40 o
[PLB 727 (2013) 366] [PRL 115 (2015) 112003] oo bl L .
: +y* PPN BT ST R R roek (AR
e Also appears in D*D* decay modes sce backup] e 2 a4 dp T,

Mz m M) (GeVic®)

B —4- Data T 70 T
N 100: — Total fit = T BGS]]I +df’“a =
§ . ---= Background fit | — § it -

= L ® — Background ®) . .
2 I PRSPMC 1 — & S0 o PRSP = 1D fit to L ooking forward to
® N S <«
S 60 ~ O 40 = waaNIAdl amplitude analysis!
oS £ o «
@ 40 o @ 990 On
= N E S
2 = o 20 S 2
T oo S S M =(3894.5+6.6+4.5) MeV/c

J ‘ ; [ = (63+24+26) MeV/c?

0 3.7 3.8 3.9 4.0 0 37 38 39 -+ 4.1 4.2

Mo (T Jy) (GeV/c?) M, . (mJy) (GeV/c?) 40



[PRL 111 (2013) 242001]

Other exotic states PRL 112 (2014) 022001

[PRL 112 (2014) 132001]

+ Z/(3900)" seen in J/Yr". Also have Z(3885)" in (DD*)*, showing a dramatic near threshold peak.
These could be the same state. Need partial wave analysis of J/nm final state to determine this.

e Z.(4020)" seen in h(1P)i" by BESIII. Very narrow width. This could be charm-sector equivalent of
Z1(10650)". Isospin triplet?

e Z.(4025)" seen recently by BESIII just above (D*D*)* threshold. m(D*D* ) distribution not
described by phase space. This could be same state as Z.(4020)".

RS : 00: 'g 1201 | 80 - comb.BKG — data
S 3 B B *[Y** — i
> \ Z (3885) 8 100~ “Q ----- D*D __total fit
S 80 g I 3 0074025 Z402)
= + | ; 80 = H = ‘I:VHSSP signal
S 60:_ ++ H # é 603;r + / 8’/40— i ++
&8 40 ol S Lt X 0 39 40 4 | o ~
GC> 20:— { | } + } ® | + 40: + .~...... + 8 3.9 Mig(Gez\"/lcz) -o% 20 -_ / /+ \\
Do L + 20- Mg 24020) | @ [ . e ek TV
llllllllllllll Mt n 1_‘?. _-'r-_“’_:_..l..---l-----l-"""l""l'"'"”""\""Q.';."‘"i"'_:-:::._e_.-.;,_j
3.85 3.90 3.95 4.00 4.05 410 415 P95 400 4.05 410 4. 15 420025 402 404 406 _  4.08

M(D*D*) (GeV/c?) M, (GeV/c?) RM(r) (GeV/c?) N



Exotic Z_ states from BES-III

erer— et (O (0T /Y
Z.(3900)* Z.(3900)°

4~ Data
— Total fit
---- Background fit
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& b S
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* Nature of these states? Isospin triplets?

* Different decay channels of the same states observed?

* Other decay modes?
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Understanding Z.(3900) and Z_(4020)"

* Some lattice QCD calculations do not support
existence of Z(3900)* [prelovsek et al PRDIT (2015) 014504

* No sign of Z(3900)* —=J/Ym™* in B decays
[LHCb, Belle] or photo-production (yp—=J/Pyn~

N) [COMPASS, PLB 742, 330 (2015)]

* |ndicates that Z.(3900)* (and Z.(4020)*) may not
be dynamical in nature but some kinematic

effect (e.g., threshold cusp)?

[Swanson PRD 91 (2015) 034009] [Ilkeda et al arXiv:1602.03465]
[Szczepaniak PLB 747 (2015) 410]

e Or maybe not? [Cleven et al arXiv:1510.00854]

(a)

b o} Iy = o} I
0{ w” ‘!}n' =0 {b g}n-
B

d «\g_l}w I qg}f’

A I A R L =

1o

LHCb 1¢

18

=

=

S

&

m2(tt) [GeV?]

(b)

- RSP L IR
' *°° 43 «,.‘. -
11 I L1 1 1 I | -

m?(J/pr*) [GeV?]
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X(3872) radiative decays w.uw i

Probe of internal structure of X(3872)

o | HCb has evidence for X(3872) in decays of
B*—yyK", —p p

o 538a1 2009 rpp) 102 (2009) 132001]

Belle 2011 PRL 107 {2011) 091803]
o Efficiency(W(2S)y) / Efficiency(J/Qy) ~ 0.2 . LHcb 'NPB 886(2014) 665]
e Detecting soft photons at hadronic collider is hard. oo Predictions for pure cc state

| prediction for pure DD* model (3-4)X1 0-3

e Pure DD* molecule interpretation disfavoured.

predictions for admixture of cc and DD*
WSS LSS LS SIS S LSS S S ST TS S S S A S SSS

B(X(3872) — P(2S)y)
Ryy = = 2.46 £+ 0.64 £+ 0.29.
Y B(X(3872) J/II),Y) - 0 [ R % L1 lé L1 13| L1 1‘!’ L1 1 1é [ é [ T B t

40 400

tros X (3872) — ¥(28)y

30 300

lllllllllll

20 200

T

++ = 1 o 100F- combinatorial veaking bk
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—

Candidates/(10 MeV/c?)

10

llllllllllllllllll]
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¢
\
Candidates/(10 MeV/c?)

0 e 1 — TS SEETAL ket w— '—'—l' ~ | A ~ 1 L 1 1 | 1 1 1 1 ~l S ————— s o h e o b
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Mhp(28)y GeV/c7] MApy [GeV/c?



X(3872) quantum numbers [PRD 92 (2015) 011102]

o JPC =1 confirmed!

* D-wave negligible < 4% @ 95% CL

nN Ao O O
o O

A O O
o O O o

* p(770) dominates -> decay violates isospin

Candidates / 0.2 Candidates /0.2

N
o

so unlikely to be conventional ccbar

o
2 80
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= 120 ;s 60
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— 20
2 100
8 o
= S
T 80 = 80
'g § 60
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N
o

40
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Other exotic states in quarkonium spectra

 Belle have evidence for Z;(4050)” and Z,(4250) states in BP=Z K", Z7 =y 1.

e BaBar have not confirmed... [PRD 85 () 052003]

40

- 3

35 [ _ =
™, - Z1(4050 >
[0 :
S sE LAF: & LHCb should be able to do
Nl B (1) O : :
S 20 LA N something here in future
@ : =
&
>
LL

3.6 3.8 4 42 44 46 4.8
M (x.m"), GeV/c?
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Z(4430) charged charmonium exotic

Belle [PRL 100 (2008) 142001 1D fit to m(p'mm ) 6.50
BaBar [PRD 79 (2009) 112001 Not observed but does not contradict Belle! T o
Belle [PRD 80 (2009) 031104 2D amplitude fit to m(p'n”) vs m(K*m™) 6.40 CC’LLd
Belle [PRD 88 (2013) 074026° 4D amplitude fit 6.40
[PRL 100 (2008) 142001] [PRD 79 (2009) 112001]
e e e T e e :
/7H+H_, Jprm ] E (a) Bell 7% E
- 30 1D fit to m(P(2S)t 1 F .fiii?mg -
B*0 — Z(4430)"K*° 7, J/wn'no -
~N 7 ol
\P(2S)m [ K*—Knbkg
M = 4433+ 4+ 2 MeV/c? 101~
' = 45+}§+?g MGV/CQ : ﬁnon-B b?ckgroun J"l
1
3.8 4.05 4.3 455

M(r"y') (GeV)

Not observed by BaBar! 47



History of the Z(4430)

e Belle [PRL 100 (2008) 142001] 1D fit to m(P'm)

e BaBar [PRD 79 (2009) 112001}

e Be
e Be

M = 448515512 MeV /c?
[ =20075:72° MeV/c?

6.50

Not observed but does not contradict Belle!

e [PRD 80 (2009) 031104] 2D amplitude fit to mPp'nt) vs m(K'm") 6.4G P =

e [PRD 88 (2013) 074026] 4D amplitude fit

/\ K* veto region

M°(y’, 1), GeV3/c*
Events / 0.17 GeV?4/c*

~0.50.75 1 1.251.51.75 2 2.252.5
M*(K, ), GeV*/c*

ol 15 16 17 18 19 20 21 22 23

6.40

With Z

My’ &), GeV</c*

[920%7£0 (€102) 88 Q¥d]
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Model independent analysis vo:: s i

Can reflection of the structures in m(Kmn) and

cosO reproduce the m(p'n) distribution?

O
S
= 2, lp | | | T 5000 < K‘; - ]l_,H | b' i
— o i : =~ — -
— D osE LHCb - < > 14000 |- C —
o g - - < O B -
SR Y] E RS - .
o 0 c E 4000 % 8 12000 :— —: yo_ \/gcose .
X N: : E < 10000 F - L g 2
- I o — - Y = —4/— sinf¢e*
. 02§ W00 = - - 1 o 1
o 0 = . > 8000/ ¢ ¥ ) Va5 3)
© = 2 O N N £ - 15
% 0.2 y - 1 —2000 >_‘ B 9 "'5 a 3 sin 6 cos 6 *®
m C S u a re N 6000 i N\ 7 [
o 041 q E LS\ background subtracted 1 1 i ;5 sin? § €2
—0.6 ' — —{1000 4000 (Y ¢ efficiency corrected data -
E ; Dalitz plot = g :
8 0.8 o - =
c 00 | | | 11 2000 ff :
ILEI - 1 800 1 OOO 1 200 1 400 2 O .:: 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 b
my, [MeV/c] 3800 /4000 4200 4400 4600 4800

M, o5 [MeV/c’]
e Does not make any assumption on the underlying K* resgaghces in the system, only restricts their maximal spin.

e Weight phase space simulated B°—{'K'n~ events with data m(Kpi) and the spherical harmonic moments of cosfx .

e Moments of K* resonances are unable to explain observed distribution. 15



Z(4430) model independent
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New decay mode of the Z(4430) .wwuwim

» Belle 4D amplitude fit of B® — J/pm K*.
e Z(4200)* at 7.2sigma with systematics (J" = 1*). Width ~370MeV.

e Z(4430)* at 4.0sigma: evidence for new decay mode!

» Expect smaller BR if Z has large radius, with larger overlap with '

M*(K.zt) > 3.2 GeV?/c’

Argand plot for H. Argand plot for H_ - _
O -
T o1 T s S0P
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-0.2F : 4.750 10
- "0.2__ :
-O'qu [T TN W T KT VRN WY T W N TONT NN TN NN NN U W NN NN N UMM NN NN N AN :l 1 ] A | L l 0- '-. ‘1..1-! -:n'l 1 4
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LHCDb limits on the X(5568) ..o
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LHCDb limits on the X(5568) ..o

,2000 — B B,(5747) - B'n —
>, o0 F_LHCD Prelimina B (57475 BB 3
g 1800 - Y [ B(5721)'> B'(B%)n* =

1600 :_ Combinatorial _:
5 1400 —
(<] — —
© 1200 — -
o — -
T 1000 1N
¢ 8005 —
600 =

400 — —

200 — —

2 = -

S 2fF e T VRS M A S "*} """"" dhbt
m 0 \ J" g | ' 1 sl TTe LT N8 ; 0 :';‘ e I g \ ~ . A -'"':: “l" T3 ; '||:| “‘-:‘ ML + : LA
D1 I LI TR Y T o SR ek S SRS ikl B O 1.8 -

_4 — —

100 150 200 250 300 350 400 450 500

Well known excited B states found using same analysis techniques

m(B°r*)-m(B°)-m(n+) [MeV/c?]
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Light meson exotics

PRL 95 (2003) 262001]
| 108 (2012)112003]
| 106 () 072002]
| 115 () 091803]

U U U
U U U XD

» BES-IIl observes number of light quark exotics.
» X(1835) threshold enhancement in Jpsi -> gamma ppbar .

» ppbar bound state or glueball?
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Reminder about Dalitz plots - 3 body decay

scalar — 3 scalars Constraints Degrees of
freedom

Py, my 3 four-vectors +12

P M— /'\/,/ p,, m All decay in same 3
’ \/\\ 22 pIane (pi,z — )
Ps3, M3 E = m? 4 p; —3
1 1 Energy + momentum 3
= 2 dm? 2 conservation

al’ = (2m)3 32M° A" dmiy dmazs Rotate system in plane —1
Total )

« Contiguration of decay depends on angular momentum
of decay products.

o All dynamical information contained in |94°.

2

» Density plot of mq,° vs. M,3° to infer information on |ml?.




Reminder about Dalitz plots

Spin-1 resonance

600

500}

400+

Events
w
(@)
o

200}

100+

.0 1.5

1800
1600+

Peaks in distribution do not 1400}

1200+
correspond to a real resonance 8.
2 1000]

800}
600}
400
200}

Modelled as product
of Breit-Wigner,

- just a shadow/reflection

Eve

kinematic and dynamic
factors

85 1.0 1.5 2.0 2.5 3.0 3.5

11
dl’ = (2m)3 323

|2 dmiy dmis
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Reminder about Dalitz plots

Spin-0 resonance

4000 — . .
3500+
3000+

o 2500}

c

T 2000}

L 1500}
1000}
500

0.5 1.0 1.5 2.0

Use a model to disentangle
intertering resonances and
determine their properties

Spin-1 resonance

2.0

2000

1500+

1000+

500+

8f5 1.0 1.5 2.0 2.5 3.0 3.5

11
dl’ = (27)3 32M

2 2
= | )% dmiy dmis 53



Breit-Wigner amplitude R—ab

» Often model resonances with pole mass (mg), width (I';) using a relativistic 1
. . . BW(m\mO, Fo) = 5 5 :
Breit-Wigner function. m§ — m? — imol'(m)

* g is daughter particle momentum in rest frame of resonance.

2LK*+1
0 2
» B,’are Blatt-Weisskopt functions for the orbital angular momentum (L) barrier ['(m) =T (%) —Br,.. (4, 90, d)

m
factors.
. 2 size of the
* Amplitude = [BWI decaying particle
180 | 1 — (1.6/GeV)
2 2 Argand diagram . . .
5 160| H 14, | @ Circular trajectory in complex
> sy v eecttcea,
S 140| % 12 L lane is characteristic of
'_é :o °°°° /\ QQ% p
5.120| : 100 / . resonance
(N r :,. @) . o N
100 Vi &g \ o i
° g | i s ® Circle can be rotated by
~ 80 i D16 i .
° i .-' arbitrary phase
» 60 | 4} -
Q
g 40| [ 2 \ /! {  ® Phase change of 180° across
% 20| Lo | the pole
< — A B -
9.6 3.8 40 42 44 46 4.8 5.0 28 =6 -4 -2 0 2 4 6 8
m [GeV] Re(amp)
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4D "Dalitz plot” (scalar — vector scalar scalar)

9y Constraints Degrees of
freedom
3 four-vectors +12
All decay in same
—3
plane (p; , = 0)
E? = m? + p? —3
Energy + momentum 3
conservation
Rotate system in plane —1
0 e , . Vector helicity +2
* BTk, Yoty Total +4

* Must use the angular information, in addition to m(p'ni™)? vs m(K'ni")?, to understand .

:4000
CG?) 3500
% 3000
2500
2000
N
Q1500
<
31000
500
0

|IIII|IIII|1—-I--I'| II|IIII|IIII|IIII|I-I—

simulation

simulation

1

rII|IIII|IIII|IIII III|II'I III|IIII|I

|
+
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)I_; III|IIII|IIII|I“I‘I‘I>III|IIII|IIII|IIII|I1_

Cand

|

)
-]
)
~ — L
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Amplitude model

% 10° }
* Use the Isobar approach. g 10}
| £ S-wave
» Build amplitude from sum of two-body decays: B" — g 10°
Pt KFand B — 7(4430)K* 2w
© 107 @
» Overlapping and intertering Breit-Wigner resonances. 10%} :
10_?).6 0.18 1.10 1.12 1.14 1.16 1:8
Sum over the k resonances \ m [GeV]
2
2
M| = > > D> Awy, (M, Qmo g, To k)

A}\u’:—l,l )\,‘p:—l,o,l k \
/ / Complex amplitude that

n 4D fit, pTu~ are final state
oarticles so different dimuon Different Y’ helicity encodes the mass and

helicity amplitudes are amplitudes interfere angular dependence
incoherent (cannot interfere)

61



Amplitude model - adding in the Z(4430)

LHCb

* Adding the Z(4430) component is more difficult since it
has different helicity frame compared to K'n™ resonances.

Simulated Z(4430)

1 ! ! ! l ! ! ! I ! ! ! I ! ! ! l ! ! !
0.8 1 1.2 1.4

K7t mass [GeV/c?

* Itis has a BW shape in m(¥'rt") mass, but is basically flat
in m(K'rt).

(U
-
| |||||||| [

Candidates / ( 2.38e-02 )

* Low Q-value in Z decay, so ignore D-wave contribution =

Az,-1 = Az,o = Az,+1

M]?

> D> D Ak (M, QImo i, To k)

AX,=—1,1|XAy,=—1,0,1

4+ Z Az \Z (M, Q4| mg 2, To 7)e' 2 r2
Z(4430) component ZZ ——10.1 v S

Z
interferes with the v Rotation by a to
different helicity frame

K~ sector
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Which resonances should we add?

[From PDG]

—~ — l , . r Resonance JT Likely n25+1LJ Mass (MeV) Width (MeV) B(K*® —» KTn™)
5 - - Kg (800)° (k) 0T — 682 + 29 547 4 24 ~ 100%
010° F - K*(892)°  1— 135, 805.04 + 0.26 48.7 -+ 0.7 ~ 100%
O F K (1430)° ot 13 P, 1425 £ 50 270 + 80 (93 + 10)%
St - K (1410)° 1~ 235, 1414 415 232421 (6.6 £ 1.3)%
=102 F = K> (1430)° 2t 13pP, 1432.4+1.3 109+ 5 (49.9 + 1.2)%
:/ E § BY — 1 (2S)K™ ™~ phase space limit 1593

N o - K;*(1680)° 1~ 13D, 1717 £ 27 322 £ 110 (38.7 £ 2.5)%
_‘g 10 F I K3 (1780)° 3~ 13 D5 1776 + 7 159 =+ 21 (18.8 &+ 1.0)%
= ; 2 Ky (1950)° 0T 23 Py 1945 +£ 22 201 + 78 (52 + 14)%
g L ] K (2045)° 4% 13F, 2045 +9 198 + 30 (9.9 4 1.2)%
O 1 3 b E B — J/p K™ 7~ phase space limit 2183

Eh . Cl ! - Ko (2380)° 57 1°Gs 2382 4+ 9 178 + 32 (6.1 £ 1.2)%
0.5 1 1.5

o K'm spectrum contains many overlapping resonanc Background from sidebands of B mass

e FEach resonance has a complex amplitude for each helicity co
e Measure all amplitudes relative to K*(892) helicity-0 component.

e Default result includes all resonances up to K*1(1680) (J < 2).

e Main source of systematic uncertainties comes from varying model to include higher K'ni™ spin-states (J = 3,

4,5).
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S-wave parameterisation

» Z(4430) has largest eftect ~1.5GeV °'>103 :
L 3

* Important to understand the Kn S-wave in this region O
< F
a
S107

e |sobar model is default
® BW amplitude for K*°(1430)+K*%(800)
® Non-resonant contribution

LI lTll"l L] lTll"l

Candidates / (
=

(WY
WL

e LASS model as cross-check  iNucl. Phys. B296 (1988) 493]

o[
N
|
.
@)

* Does not violate unitarity

=
00
o

* Sum of elastic scattering, destructively interfering with K*(1430) =
g 160
>
Slowly varying BW amplitude g 140|
NR contribution for K(1430) 5120—
N\ 1 1 o =100/ 5
| 62'i5B(mK7r) g 20l %
cot dg(Mmgx) — 1 cot Op(Mpy) — 4 5 -
g 60 ;
g 40 :
— 0 — ™ N \ﬁ
mg — mi 2| ;
cot dg(mey) = — + =rq  cotdr(Mmgy,) = o 8 | 0 25° 64

aq 2 mol' (M)



Confirmation of the Z(4430)i

* LHCb has sample of >25k BY — L|)'K+T[_ candidates (x10 Belle/BaBar). (TR

* Selection: most events come through dimuon trigger (eff~90%)

* Typical B® ot ~6GeV, u” pr ~ 2GeV, K* pr ~1GeV.

* Use sidebands to build 4D model of combinatorial background.

Only 2 of the 4 dimensions...

« Bkgs from mis-ID physics decays is small - excellent LHCb vertexing, PID!

5 1800 = - 4% combinatorial =
E 1600 LHCD background in =
~ - . | i ]
% 1400 > 25k signal region =
< 1200 F- =
2 - -
S 1000 D' is mass 2
300 constrained
600 | =
400 . | =
200 F sideband sideband

5250 5300

m?,- [GeV?]

K*(1430))

_K*(892)

S

T
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Reconstruction and selection efficiency

« LHCb < 100% efticient at reconstructing the decay particles in 4D space.

« Extract efficiency model from events simulated uniformly in phase space and passed through detector
reconstruction.

* Also, remove events (~12%) near edge of kinematic boundary since efficiency not well modelled there.

* 2D representation...

N - | —— | sl I
> = . : ..
3 2F E!E High efficiency
w 21F —
o= : -]
20 —| =—os8
19F
Caused by low  E 1 o
momentum pions 4k 1
\ﬂh Si ation _E 0.0
: LHCb : .
ISE e e . T M Low efficiency
0.5 1 1.5 2 2.5

2
mZ, _[GeV] 66



Fitting the model to the data

Observables (mass, angles)

PDF Parameters Efficiency drops out

~InL(&) =— ) InPY(G|&) = - > In (IM(@1)Pel@) /1))

» Likelihood fit to measure ~50 free parameters: amplitudes, phases, resonance mass/widths.

Nmc
-\ — | =\ |2
I(@) =) |M(@|D)]
e In any amplitude fit, difficulty comes from integrating the matrix element. ?

e Solution: sum over fully simulated, reconstructed phase space MC.
e This automatically includes the efficiency in the normalisation.

e Alternative approach explicitly parameterises the 4D efficiency.

Try different models for K™ and Z(4430), compare values of L.

6/



Z(4430) parameters from amplitude fit

Amplitude fractions [%]

LHCb

Belle
M(Z) [MeV] | 4475 £ 713
[(Z) [MeV] | 172 +£13137
£, [%] 50+ Ogi_%g o (800) | 3. s H.8 £ 2.1
3. . 1.1+14
L% | 16.7+1.6728 '
(with interference) T (892 ‘ : 63.8 + 2.6
significance > 13.90 45410
5> (14. . 4.0 = 1.
JP 1+ T+08 | 43+23
New (large) AL
systematic included ta=19
10.375"

[ Ai(mgr, Q)|2dmgdQ
I‘Zk Ak(mKﬂ'yﬂ)Pdm[{ﬂ-dQ

o Excellent agreement between LHCb and Belle.
e lLarge width - unlikely to be molecule?

fi =
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Confirmation

of the Z(4430) .....comeen

Everything except the Z =

large interference between Z
and K'rt~ sector

/ component
JU=17"

e LHCb has sample of
>25k BO — 'Kt
candidates (x10
Belle/BaBar).

* 4D amplitude
analysis performed.

)

Candidates / { 0.2 GeV?

Candidates / 0.05

1000

600

400 W,

200

K*(892)"

l L) L] L) L} l L} L) L) L) I Ll Ll L] L

)

[W—
-
('S

0.02 GeV?

2

Candidates / (
=

[w—

1000

Candidates / 20°

500 - -

¢ [degrees]s9



Fit projections in slices of m(K"'n")

‘:\ mam l -.'-da;a y c:-\ B ' ' ] _U
> I . —=— total fit : % . ] S
8 80 -— LHCb ——zg«ao)' excluded_| (5 : LHCb - :
- K (892) 1 —
g ~ m2K+ < 0.7 GeV2 + —Q—K‘ S-wa_ve - O 200 _1 O < m2 .
=~ - T —— Z(4430) | Z i -
- _ —eo— background — —~
2 °0 i K'(14g10) B § = 9
S i K'(1680) 1 8 _ =
:g i K,(1430) 1 3 i S
s “F 1 & 100} N
O _ 1 S i B
20 — - : EI
oL ot : . 0
16 18 20 2
mZ, - [GeV

B 2 200

NEE' 3 :

o g POF

= B

= -

'U e

= 100 |-

© -

1 _

50 |-

0.5 1 1.5 2 25 o*“
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Spin determination

Disfavoured Rejection level relative to 17T

e Build different IMI? corresponding to different J* values. JP | HCb Belle
e JP’=1" is favoured (confirms Belle). 0~ 070 3.40
® Rule out other J¥ with large significance.  ————————w—ou> 1™ 15.80 3.70
. . T
e Quote exclusion based on asymptotic formula (lower bound). 2 16.10 5.10
"y . . 2~ 14.60 4,
® Positive parity rules out Z being D*(2007)D1(2420) molecule. 6 lo
300 ———— — — | B
;, : | ! LHCB : % 45 | Value in data + %
= 250 F - E 40 0 1 -,
é N Simulated - ) %
g - cl))cpcrifncnts data 5 g 35 3
£ 200 = =0 B (23 30 S
e, - - 0
5 150 1 3 ©
8 - Simulated - = 20 E
= C experiments - O
2100 M 2 s S
so b E 10
: i 200 : 5
O _ 1 1 1 1 N ) ] L L L | ] 1 (LA B i
200 0 200 400 %0 40 20 0 20 40 60 80
A, =A(21nL) A2inL)

71
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Systematics: second exotic Z?

. . . . . P -
e Fit confidence level increases to 26% with a second exotic (J =0 ) component, but...

® No evidence for Z, in model independent approach.

e Argand diagram for Z; is inconclusive.
® Need larger samples to characterise this state. Signiticance from
o T T | A(-2nD)
Fitted parameters § i LHCDb ‘ 6
My, = 4239 + 18 112 MeV S 200-1.0 <mj. <1.8GeV* g - o
Ty =220 + 47 +1 8 MeV P! o _
fz. = (1.6 £0.5 +1 L9% g _ o _
8 100 _— = # JP _ 1_|_ + ’ __
Same mass, width as Z" =y seen by - ¢¢ JP — 0 +++Z(4430) ® -
Belle, but J’=0" can't decay strongly to ycm” i 2(4240) . . ]
[PRD 78 (2008) 072004] 0 e T e et
16 18 20 22
. [GeV?]

e Many checks performed to determine stability of the result and evaluate systematic errors on mz, 'z, fz.

e Main systematics come from assumption on K'n™ Isobar model, efficiency and  (¢/mg+,- )" vs. ¢~

72



Bottomonium spectrum

[Olsen arXiv:1403.1254]
10.8 |—
....... 2Me: .
Ms+Mpg-
10.6 =00 " [Y(@0S,) JEBURBIONT
Xb1(33P+1)
) ,
% 10.4 |- o
Y (33S
O, na(@18g) oS0
& 10.2 NARIP1) [ oo@apo) | Xo1 (22P) [ Xe2(2°P2)
< Y(13D,)
=
v
10.0 | [me@isg) | Y2381
ho(11P 13p,) | Xe2(1°P2)
b( 1) oo(15P0) Xb1( 1)
9.8 |-
9.6 |- -
established bb states
M) recently found bb states
9.4 |- No(11S0)
O+ 1—
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Bottomonium-like states

& —
—
- A
. "o —
e Belle has evidence for Z,(10610)" and Z,(10650)" resonances Wheng ® =
. — — : ot -
looking at T Y(nS) and 't hp(mP). [arXiv:1403.0992v1] g S
_ _ . &
e |C(JP)=17(1"), Virtual BB* and B*B* S-wave molecule-like states? ~ X
?O.I 102 103 104 105 1106 107 10.8 B
. . . . . Ml (187l ., (Gev/c?) —
e Also first evidence for neutral isospin partners in Y (2S) o
amplitude fit. N 3
2 o
35 UL I | L I | L I LI I | I | l LI l_l r_U' P . t. f 7
: (a) 1 = rojections o s w0
b Z:(10610)° e ) :
o ] & Dalitz plots & »
> 25 + 1 .
g N - < 7 CED 010.4 1045 105 1055 106 1065 10.7 1078
o 20F T 41T L} 4 & MiY(28)nl .. (Gev/c?)
— : J—*—HlHI - L il 120
P R 1 P 1 i o e IS Use Breit-Wigner = 1
L T T 1 o : >
5 10F [ +y 1 1= (without energy £
- . { 60
0 osh W o dependent width) 3,
0 ’ L i ] to model resonances & 2
104 1045 105 1055 106 10.65 10.7 10.75 ‘
M(Y (28) ) . GeV /c2 1058 1062 1066 1070 1074 24

M(Y(38)n]_ .. (GeV/c?)



References

» Suggestions for how field should progress: http://arxiv.org/pdf/
1511.06779.pdt

* Heavy-light diquarks Maini et al Phys.Rev.D71:014028,2005
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Pentaquark models (tightly bound)

 All models must explain JP of two states not just one. They also should
predict properties of other states: masses, widths, JP. Many models: Lets
start with tightly bound quarks ala” Jafte

* Two colored diquarks plus the anti-quark L.Maiani, et. al, [arXiv:
1507.04980], ibid [PRD20(1979) 748]

* Colored diquark + colored triquark, R. Lebed [arXiv:1507.05867], R. Zhu &
C-F. Qiao [arXiv:1510.08693]

* Bag model, Jatte; Strings, Rossi & Veneziano [Nucl. Phys. B123 (1977) 507]
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Pentaguark models (molecular)

* Molecular models, generally with meson exchange for binding ala’ Tornqvist
[Z. Phys. C61 (1994) 525] 10.1007/BF01413192

e L. Ma et.al, [arXiv:1404.3450] tor Z(4430)
e T. Barnes et.al, [arXiv:1409.6651] tor Z(4430)

» 11 exchange models usually predict only one state, mainly JP=1/2+, but could
also include p exchange...

 Several authors consider 2c D(*) components (most of these are postdictions)
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Implications (see talks after coffee)

* Many states appear to lie just above threshold which indicates experimental
enhancements may be due to threshold cusp (the movement of resonant
poles due to the proximity of multiparticle thresholds) eftects rather than

quark binding. [Bugg, Swanson] [Blitz Lebed PRD91 (2015) 094025]
. 7c(3900) DD*
 Zc(4020) D*D* What are the degrees of freedom®
+ Zb(10610) BB*

o /b(10650) B*B*
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