understand

Confirmation of the
exotic Z(4430)
resonance at LHCDb

Greig Cowan (Edinburgh)
Edinburgh, 16th May 2014

confirmed

\\\Sl\‘/./{’
NS ’»J .
4)534’ % & Science & Technology
’[ i‘p‘/ Q‘o
OB

@ Facilities Council




Overview
Will give some

1. Exotic spectroscopy: motivation technical detalils to
2. Introduction to the LHCb experimyv explain plots like this
3. Reminder of Dalitz plots and

amplitude analyses

4. The Z(4430)
o History
e Searching for the Z(4430)" in
BO—(2S)K'” decays
e Determining the quantum numbers (J°)
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5. Other exotic spectroscopy results oh.. [GeV
o X(3872)
® The scalar mesons, fo(500) and 0(980) arXiv:1404.1903
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“Three quarks for Muster Mark!”

Bound states of quarks to form olume 5, mumber 3 R——
mesons and baryons were first

proposed in 1964 by Gell-Mann and A SCHEMATIC MODEL OF BARYONS AND MESONS *

Zweig. et it S ST e catgomi

Received 4 January 1964

qaqq states are not a priori excluded.

Light auark spectrosco dt We then refer to the members u%, -d'%, and s-7 of
ght qu P Py Used 10 the triplet as "quarks" 6) q and the members of the
understand structure of these states.  anti-triplet as anti-quarks §. Baryons can now be

e Difficult due to wide overlapping constructed from quarks by using the combinations

(qqq), (@qqqd), etc., while mesons are made out
states, backgrounad. of (qd), (@qqq), etc. It is assuming that the lowest

e Highly relativistic constituents (u, d
and s quarks).

What about heavier quarks”?




Charmonium spectroscopy (cc)

e Simpler system to analyse since ¢
quark is heavier

e non-relativistic calculations
e potential models

e |[attice QCD

® narrow, n_on-overlapping states
below DD threshold

e No Mixing of c¢c with lighter qq
states.

Classify using JF°
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Exotic charmonium spectroscopy

e Many different exotic (XYZ) states
have lbeen seen.

e BESIII, Belle/BaBar, CDF/DO
e mass/width, decay, JF¢

o Are these [qq][qq] (tetraquarks),
mesonic molecules, threshold
effects, hybrids...?

e No clear pattern: need
experimental and theoretical study
to understand strong interaction
dynamics that can cause their
production and structure.

DO

Godfrey, Olsen, Ann.Rev.Nucl.Part.Sci.58:51-73,2008
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The LHCDb exper‘iment

e e .= * Rare B decays "
e ~+ CP violation =
 Charm physics
Exotic) spectroscopy

o “ ~9OO phyéhlélsts rom 1 64 universities/labs n1 6 countries.
~~e Running since 2010, >180 papers published.
<® O(100k) bb pa|rs produced/sec N NN TR
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The LHCb deteCtor 2008 JINST 3 S08005

Muon
detection

Vertex
Finder

Particle ID Calorimetry

3 %

8P1D(/,L) ~ 97%
MisID(r — p) ~ 1 — 3%

5 :'. j.::’ : s oyl _——.-\\%
] | '! Covers 4% of solid angle but
L contains 25% of bb pairs

\\

15m z

O'(IP) ~ 20um EPID (K) ~ 95%
5p/p = 0.4 —0.6%| [MSID(K — ) ~ 5%

Etrack ~ 96%

- — — - —

__, 4_
Bz

P of charged
particles




A typical LHCDb event

<’]’LPV3> ~ 2.0 > 25. ...........................................................
(nTracks) ~ 200 T F

b £
o(pp — bbX) ~ 80ub \ a

o(cc) ~ 1500ub o LHCD MC

B hadrons fly ~1cm in the detector ... =32V

8 6 -4 -2 0 2 4 6 8
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Luminosity

nstantaneous Luminosity Updated: 10:36:07

1

T T T T T T
Fill 1883 '
2111 = 2012: 4+ 4 TeV s z 2012
1082bunches ATLAS & CMS lumi ] e Delivered Luminosity 2.21 fb™’ : : LA
~ 1000 - : @ of Recorded Luminosity 2.08 fo' | SR S .
& falls off exponentially ® 2011: 3.5 + 3.5 TeV ;
~N > | e Delivered Luminosity 1.21 o™’ 5 i ;
I > I Recorded Luminosity 1.10 fb™ : Fs :
5 800 - Q 2010: 3.5 + 3.5 TeV : e 2
= >, 1.5 | o Delivered Luminosity 0.04 fb™! |- o At FERRRRRRRRERSRRRS! SR
m '%‘ Recorded Luminosity 0.04 fb™ A : 2011
a '
- 600 - o : LA .1~
— c ?
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— ATIAS —— AUCE — CMS —— LHCb

e | HCb designed to run at lower luminosity than ATLAS/CMS.
 |HCb tracking is sensitive to pile-up.

e | HC pp beams are displaced to reduce instantaneous luminosity.
e Stable running conditions.

{Ldoo11 = 2.7x10%2 Hz/cm? {Yog12 = 4.0x10°%2 Hz/cm? 9



History of the Z(4430)

of ~2k BO — ((2S)K+OrT

e (Charged state = minimal quark

content of ccud

" 1D fit to mW(2S)rm

Events/0.01 GeV
n
o
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History of the Z(4430)"

e Belle PRL 100 (2008) 142001 1D fit to m(Pp((2S)") 6.50
e BaBar PRD 79 (2009) 112001 Not observed!
e Belle PRD 80 (2009) 031104 2D Dalitz fit to mp(2S)n”) vs m(K'nt")  6.40

e Belle PRD 88 (2013) 074026 4D Dalitz fit 6.40
K* (892)0 /\ K* veto region
23
. o & 45
22 40
., E % 35F With Z
< 20f > 30 Without Z
) L 0]
O 19E ~ 25
:é: : S 20
s 18 = I
s 17f E 15
- >
16F w10
155 ' '.'.‘.‘.‘.'.~.~.~.~.~.~.~.~,-, -,-,-,...’.;....... .‘.:.: :.;.‘ i :.;.j ‘
05075 11251517523 555 5 05 16 17 18 19 20 21 22 93

M3(K, ), GeV?/c*

M2y’ ), GeVZ/c*

M = 4485155128 MeV /c? [ = 2007552 MeV/c?

92020 (€1L02) 88 AHd
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Reminder about Dalitz plots - 3 body decay

Degrees of

Py, 1y

Ps3, Mg

1 1

dl’ = (2m)3 3203

|2 dmiy dmis

Configuration of decay depends on ang.
mom. of decay products.

All dynamical information contained in |Mm|?.

Density plot of m122 vs. mo3? to infer
information on |,

Constraints

3 four-vectors

All decay in same
plane (p

E

Energy + momentum
conservation

Rotate system in
plane

Total

freedom
+12

12



1 1

Reminder about Dalitz plots dr' - Gz 47 ant: dmis

Spin-1 resonance

2.0}
[
S
“F 10
0.5} fe B0 BEoEgn =t
0.5 1.0 .' .' .' 3.0 35
1800 :
. . . ) 1600+ ]
Peaks in distribution | Modelled as
do not correspond to a _ 1200| product of
real resonance - just a reflection § 1:22: Breit-Wigner,
“ 600l Kinemati¢c and
ol dynamic factors
85 1.0 1.5 2.0 2.5 3.0 3.5

13



Breit-Wigner amplitude R—ab

e (Often model resonances with mass (mg), width
(o) using a relativistic Breit-Wigner function. BW (m|mg, Tp) =

1
. . , m2 — m?2 — imgl'(m)
® ( is daughter particle momentum in rest frame

of resonance.
myo

2LK*—|—1
; . . . q /
e B, are Blatt-Weisskopf functions for the orbital  I'(m) =T (%) By (4,00, d)°
angular momentum (L) barrier factors.

e Amplitude = |BW/?

16
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10! °o°°° ..'.. |
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40 2 \ / | Phase change of 180°

across the pole
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m [GeV] Re(amp) 14



1 1

Reminder about Dalitz plots dr' - Gz 47 ant: dmis

. Spin-1 resonance
Spin-0 resonance P

4000 — .
3500+ | 2.0
3000+ 1

» 2500}
et

-

& 2000f

>

L 1500}
1000}
500}

0.5 1.0 1.5 2.0
m? [GeV? ]

Use a model to disentangle
interfering resonances anad
determine their properties

8.5 1.0 1.5 2.0 2.5 3.0 3.5

15



Confirmation of the Z(4430)"

arXiv:1404.1903
accepted by PRL

LHCb has sample of >25k B° — p(2S)K' 11~ candidates.

e Factor 10 more than Belle/BaBar.

D(@2S)—p

Selection: most events come through dimuon trigger (eff~90%)
Typical B pT ~6GeV, p pT ~ 2GeV, K pT ~1GeV
Use sidebands to build 4D model of combinatorial background.

| ! ! ! ! | ! ! ! &
E 1800 4% combinatorial 2
= 1600 LHCDb background in 2
2 1400 SOk signal region Ng—;
S 1200
o
é)% 1000
800
600
400 . ' signal .
200 sideband ) range > sideband
O - 1 — [ —————— N
5250 5300
M, crn [MeV]

Only 2 of the 4 dimensions...

Backgrounds from mis-ID physics decays is small - excellent LHCb PID!

K*(892)° K3 (1430)

1.5 2

2
mK+n_



4D Dalitz plot (scalar — vector scalar scalar)

Degrees of
freedom

Constraints

3 four-vectors +12

All decay in same

-3
plane (p

E -3
Energy + momentum 3

O BO—>L|)(28)K+T[_, L|)(28)_>U+U_ conservation
e Need to use the angular information, in addition to ROtatf)lZﬁem " -

)2 )2 2

M(P2S)r")? vs m(K'11")?, to understand | M. Vector helicity -
Total +4

I_ T T T T | T T T T T T T T | T T T T

~4000
p—
?.) 3500
23000
2500
2000
N
01500
<= 1000
500
0

II|IIII|IIII|IIII|I-I—

simulation 1 F simulation

II|IIII|IIII| =t

Candida

17
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Amplitude model

e
o o
S w

=
o
w
I

e Use the Isobar approach, build
amplitude from sum of
overlapping and interfering Breit-
Wigner resonances.

-
o
N

[
o
[

amplitude [arbitrary units]
e
S o
= o

-
1 ol
N

[
o
w
® o868

Sum OVer 'the k resonances %06 0.8 1.0 m[lézeV] 1.4 1.6 1.8

N\ :
> > D Ay (M, Qmok, Tok)

AXy=—1,1|Ay=—1,0,1 k \

| | Complex amplitude that
In 4D fit, y*tu— are final state

particles: thus different Now different  helicity encodes the mass and
dimuon helicity amplitudes are  amplitudes interfere angular dependence
incoherent (cannot interfere) '8

M?




Amplitude model - adding in the Z(4430)

e Adding the Z(4430) component is a bit
more difficult since it has different helicity
frame compared to K'm~ resonances.

e [tis has a BW shape in myesyr- mass,
but is basically flat in mk .

Candidates / ( 2.38e-02 )

e | ow Q-value in decay, so ignore D-wave
contribution = Az-1 = azo0 = Az +1

M|? = > D> D Ay, (mkg, QImok, Tok)

AX,=—1,1|Ay=—1,0,1 K

+ > Az az(myr, Q% moz,Toz)e 8 e
/(4430) component AZ=-1,0,1 v

Z p—
Interferes with the W Rotation by a to
K11~ sector different helicity frame

19



0.02 GeV?)

[W—

Candidates / (

Which resonances should we add?

[W—
(-
W

<

[a—
-

[W—

From PDG
' ' Resonance  JP  Likely n?°TTL,  Mass (MeV) Width (MeV)
Kg (800)° (k) O — 682 429 547 + 24
K*(892)° 1~ 135, 895.94 4+ 0.26 48.7 4 0.7
KS (1430)0 0t 13Pg 1425 £ 50 270 =+ 80
K1 (1410)° 1~ 235 1414 +15 232+ 21
K2 (1430)° 27 13P, 1432.4+1.3 109 £ 5
BY — 1 (2S)KT 7~ phase space limit 1593
K (1680)0 1~ 13Dy 1717 £27 322 4+ 110
K3 (1780) 3~ 13 D5 1776 £ 7 159 + 21
Ky (1950) ot 23 P, 1945 + 22 201 + 78
Ky (2045)° 4t 13F, 2045 + 9 198 + 30
BY — J/ib KT~ phase space limit 2183
‘ . Kr(2380)0 5 136 2382 £9 178 & 32
0.5 1.5 2 2,5 LX) ®
- [GeV7]
e K'n spectrum contains many overlapping resonances.

® [ach resonance has a complex amplitude for each helicity component, this impacts

the mues)n

- distribution.

® Measure all amplitudes relative to K*(892) helicity-O component.

Nominal result includes all resonances up to K*1(1680).

Main source of systematic uncertainties comes from varying model to include higher

K'r™ spin-states.

Background from sidebands of B mass

20



S-wave parameterisation

o /(4430) has largest effect

e |mportant to understana
Kmnt S-wave in this region

e |[sobar model is default

e BW amplitude for K*(1430)+Ko(800)
e Non-resonant contribution

)

[W—
(-
[#%)

~1.5GeV

0.02 GeV?

2,

the

Candidates / (
S

[w—

LASS model as cross-check

* Does not violate unitarity

* Sum of elastic scattering, destructively
interfering with K*(1430).

Slowly varying BW amplitude
NR contribution for K(1430)
~Na 1 1 e

cot dgp(Mmpy) — 1

1 1
cot dg(Mmyr) = “q + -rq

_I_ 62’i53(mK7r)

cot dp(Mmyr) — @

2 2
mo — Mg,

cot 5R(mK7r) — mOF(mK )

=
00]
o

=
(*)]
o

phase [degrees] or |[mag| ™2 [arbitrary units]

=
S
=

=
N
=

=
o
Q

0
o

()]
=)

N
S

N
o

- phase / LASS

$

' amplitude |

o

1.0

1.5 2.0 2.5
m [GeV]
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Reconstruction and selection efficiency

e Unfortunately, LHCb is not 100% efficient at reconstructing the decay particles
In 4D space.

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

e Also, remove events near edge of Dalitz boundary since efficiency not well
modelled there.

o 2D representation...

"€ High efficiency

Caused by low
momentum pions -

tion
LHCb
0.5 1 1.5 2 2.5

m%. _ [GeV?]

» Low efficiency

22




Fitting the model to the data

e | ikelihood fit to measure ~50 free parameters: amplitudes, phases, resonance mass/widths.

Observables (mass, angles) .
& Parameters Efficiency

N, /
data Nita

lIlL Z In tot /Uz‘('_‘j = Z 1I1 |M Uzlw)|2 (vi)/1 ("‘7))

e |n any amplitude fit, difficulty comes from integrating the matrix
element.

e Solution: sum over fully simulated, reconstructed phase space Nyie
MC.

e This automatically includes the efficiency in the calculation. I(w) - Z ‘M(v7’|w)|

e Alternative approach that explicitly parameterises the 4D
efficiency.

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

23



Projections of 4D amplitude fit

—

Everything except >1000r
the Z = large &
, —_—
iInterference I F
between Z and & 300
+_ - § )
K1t sector 5
5
JP =17
/ component
)
S
(=)
] ™~
'8 R
=
[a+]
QO i
200}
0_1 :

00 ——

iy

cos Bw.

)

[W—
-
[(F5)

2

Candidates / 20°

0.02 GeV?

Candidates / (
o

[u—

1000

500

K3 (1430

LHCb

€06 | vOv L-AIXIe

0..

100
¢ [degrees]
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Projections of 4D amplitude fit

)

[W—Y
-

[(F5)

I'II T 1

2

0.02 GeV?

LHCb
K2 (1430

Candidates / (
o

[u—
T T 111

€06 | vOv L-AIXIe

=
N
g
51000
E
=
<
© I i
500 .
LHCb
T
¢ [degrees]

e (Goodness of fit confidence level = 12%

Everything except ’%IOOOL
the Z = large &
Interference I 7
between Zand g 500
+ - ‘8 i
KTt sector 3
&
JE =17
/ component
S 600
Significance from ¢ - %
%400 a8
A(—2InL) (8
200 - —
> 13.90 - LHCb
) 05 0 05 1
cos Bw.
| My = 4475+ 7 732 MeV
arZque?ers Ly =172 + 13 37 MeV
P iy = (59409 *13)%

4% with no K1*(1410), 12% with
Ks*(1780)
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Fit projections in slices of 711 g+ . —

~ uy T T | T T | T I T T T T - ~~ T T T | T T | T I
N N -@- data 1 « » i
> . — total fit 1 = I . ]
8 30 - LLHCDb — 2(4430) excluded _| (5 LHCb

9\ - K (892) 1« - -
S tm2._<0.7GeV? ~Kswve ] S 200H.0<mi. <1.8GeV? —
—_ L K'm —— Z(4430) 4 < T

>~ 601 —o— background — ;

b - K (1410) 4 9

= "

S B K (1680) - <

= - K.(1430) 1 =

&S 2 s

o 40 — — =

g 401 1 & 100

@) = 4 O

20 —
0 : st o

16 18 20 ) 2 5

m2,,. [GeV?]

ol f
= o 200 ~
o= S N -
S ~ - _
w 150 -

3 - ]

2 - ]

2 ook :

= 100 -

@) - _

50 -

0.5 1 1.5 2 2.5 0 —— 16 - 20 — _

m2,  [GeV?] m?,- [GeV?]

c06 L' ¥0 |L-AIXIe




Spin determination and resonant behaviour

()
S
=)

Belle PRDSS (2013) 074026

S T v v ' T v v T f2) - :
® Build different [M|2 S LHCb 15 “F
: : % 250 . -1 < :
corresponding to different &7 F i) -
JP values. E200F oo data 18
O - . S
® JP=1+ assignment favoured 2?150 u | 48 ;
(confirms Belle) % - S ] g
7] - =1 ~ :
® Rule out other JP with large & E < |; -
. P 50+ — C
significance : IL 50 ;HJJ :
(> 9o after systematics) | R =R B %0 80
20 0 200 _4A<()021nL) A(-2InL)
A(=2InL) = [=21n L(07)] — [=21n L(11)] ’
N |
<. .l §
§0.2 i
® Replace BW amplitude with 6 independent _ >
complex numbers in Z(4430) mass region 0 §
I Q
® Observe rapid change of phase near i o
maximum of magnitude /02 QS
I : Q5
I , I §
® Resonance! BW amplitude s =
with default - g
arXiv:1404.1903 cparameters b
accepted by PRL -0.6 0.4 -0.2 0 0.2

Re AZ 27



Systematics: second exotic Z?

® |nvestigated the possibility of a second exotic component.
® it confidence level increases to 26%.
® Need larger samples to characterise this state.

Significance from

A(—2In L)
O

~ | | | |
2 [ :
o [ LHCb ]
S 200H.0<m?, _<1.8GeV? ‘ -
Fitted parameters g - ( -
My, = 4239 + 18 +‘1*3 MeV g [ b ' :
o ]
I =220 +47 7198 MeV St ¢ ; -
fo_(1.6i0.5f_)‘7 S 1000 4, JP — 1+ "
Z P =0 . “*Z @430) -
I Z(4240) - - _
. lm T P P '°'-°-
0 16 18 20 22

o [GeV?]

e Many checks performed to determine stability of the result and evaluate systemanc

errors on mgz, [ z, fz.
e Main systematics come from assumption on K'rt™ Isobar model,

(Q/mK+7T_)L VS. qL

efficiency and

28



Model independent analysis

Can reflection of the structures in m(Kr) and cos
reproduce the m(W(2S)m) distribution?

O
W

’O
-
ol
-

-
-
-
Y
-

cosOK
T o T T T

-
-
—--’
-=

background subtracted
efficiency corrected data

PRD 79 (2009) 112001

-0.5 -

T .l..l.: lllTl_l“l.'!'.lIITIIITIIITIII1

BaBar data for BO—(2S)Kr™

Efficiency corrected
NN
S
S
-

4 4.2 4.4 4.6

08 1 12 14 16 | %
m, . (GeV/c?)
3
Does not make any assumption on the underlying”K* resonances in the =g
system, only restricts their maximal spin (J <

Weight phase space simulated events the spherical harmonic vy %(gcosze_l)
moments of cosfk !

)
—~ sinfcosfet®
8
Moments of K* resonances are unable to explain observed distribution.

T

E sin? f 29
27



A bit more context...

e This result confirms the existence of the Z(4430), measures
JP=1+* and, for the first time, demonstrates the resonant
behaviour.

e P=+ rules out interpretation in terms of D*(2007)D*2(2460)

l 1 1 L I 1 L L i 1 1 I

0.6 1|
molecule or threshold effect. \'0'6 MY Rear

e [our quark bound state is a remaining explanation. Fosner. Phys. Rev. D76 (2007) 114002

Bugg, J. Phys. G35 (2008) 075005

e | astyear BESIll and Belle observed another exotic charged state.

M = (3894.5+6.6+4.5) MeV/c?

Ze(3900) ine'e” =T J/ [ = (63+24+26) MeV/c?

—4- Data 70

100 :— — Total fit
60

-4 data

et T L

-=== Background fit
— Background

1D fit to

(0¢]
o
UL L

T T
5w 5
o % Z
% .=« PHSP MC chD % 50 ey
0] < O -==: PHSP MC <
M(rd/W) R 50N 40 @
P R e
I= X t= .
N N
0 > © 20 3
w 20 o L o
- 10 Q
‘ 0 -
0 3.7 3.8 3.9 4.0 3.7 3.8 3.9 4 4.1 4.2 30

Mnax(m ) (GeV/c?) M, (mdy) (GeV/c?)



A well known exotic meson: X(3872)

e (bserved by many experiments, first by Belle (PRL 91 (2003) 262001 - 894 citations)
o B" = X(3872)K", X(3872)— J/pri'm

e Use well-known (2S) resonance to calibrate

e Measure JP¢ = 177 - favours exotic interpretation

e (Could be some combination of ccuu quarks or DD* molecule

3 F " Pues) p | x(3872 s 1OFTT ' ' Uk
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A well known exotic meson: X(3872)

40
S P X(3872) = ¢(29)y Jr * LHCb has evidence for X(3872) in
= + decays of Bt 5 yvKt, b — utu™
: - e Pure DD* molecule interpretation
5 10 :
S ++ - disfavoured

) 8 T

My (2S)y [GeV/c?]
400¢ BaBar 2009
c X 9 b) : o 97 PRL 102 (2009) 132001
Z soof (387+) REGEART Belle 2011
= - =  PRL 107 (2011) 091803
S .
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5 1001 predictions for pure cc state
- o O S TR S RIS
a7 38 ss 4 4 icti D*
. GoV /et il prediction for pure DD* model
predictions for admixture of cc and DD*
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arXiv:1404.0275 32



An enigma... the X(4140) B - XK*° X = J/p¢

Experiment Mass (MeV) Width (MeV) o Published? Ref.

®
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http://arxiv.org/abs/1309.6920

Light quark spectroscopy using B°—J/Wrt*mt

e Study substructure of light mesons that decay to rt'm".
e Mass ordering is reversed between the scalar and vector mesons nonets.

[sospin I=0 I=1/2 I=0 I=1
Scalar mesons | fy(500) (800)  fo(980) ag(980)
Vector mesons | ¢(1020) K*(892)° w(783)  p(776)

e Are the scalar mesons (fo(500), 10(980)) qq or tetraquarks or some mixture?

Scalar meson f0(980)) = C?S Pm 3f> T Sl 90m|n71> % C;i .

mixing f0(500)) = —sinpp[ss) + cos pp|nn), 3gé

1 ~ X

where |nn) = — (|uu) + |dd)) . 552

m) = = (jum) +|dd))

»_& }J/\If t P B (EO J/¢ f0(980)> @(500) 1f2 %ég

B0 an? Om =T2 - 20
B (E“ Thb f0(500)) ®(980) ;

(OY)
NG

phase space



Amplitude analysis of B —J/Wnt*ir
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e Similar analysis to Z(4430)

e Build 4D matrix element from overlapping 'm”
resonances.
e (Correct for efficiency.

e No sign of exotic J/Prt* resonances...
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Amplitude analysis of B°—J/Wrt*mr

O-Ww Iinterference visible

S UL A
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e Best fit model shows does not require fo(980) component.
e Gives upper limit on the mixing angle between fo(500) and fo(980).

tan® o, =1 = (1.1357757) x 1072 < 0.098 at 90% C.L

Different from tetraquark prediction (1/2) by 8o
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Summary

e | HCb has confirmed this existence and shown
the resonant behaviour of the Z(4430)".

e Minimal quark content of ccud.

e No clear picture of the complex system of
charmonium-like exotic resonances.

e /(4430) should help to improve understanding.

e [urther constraints could come from observing
this in other decay modes.

e Next steps...

e | HCb has large datasets of B decays
containing J/W, W(2S), xc... where other
exotics could live.

e Data taking starts again in 2015, looking
forward to collecting even higher statistics!

Z(4430) in the media: http://www.phy.syr.edu/~tomasz/z4430.html
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http://www.phy.syr.edu/~tomasz/z4430.html
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Z:(3900) in e*e = T Jd/P

e (ther exotic charged state
observed by BESIII and Belle
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Other exotic states in quarkonium spectra

e Belle have evidence for Z,(4050)" and Z,(4250)"
states in BO—=Z K", Z" =y 11 .

e BaBar have not confirmed... Phys. Rev. D 85, 052003
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An enigma... the X(4140)
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Bottomonium spectrum
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Helicity formalism

e Helicity (\) is projection of J onto p (lambda = -|J|...+[J])
® 3 — DC

MI? o< |Ax ac Bl 5, —a (0)€ e (Rem 29

e A s complex helicity coupling

e d are Wigner d-matrices (see tables in PDG)
e @ is helicity angle

® ¢ Is azimuthal angle defined by decay plane

Dependence drops out unless studying cascade decay
ke a—bc, b—de




Helicity formalism

e Cascade decays: a—bc, b—de

¢ |n this case, need to coherently sum over helicity of
iIntermediate particle...

e ...and sum incoherently over final state particle helicities.

MPoc) ) ). ZA,\b, $ane

Ae A e

2

e For B"—yp(29)K* ™
e BYis spin-0, \g =0
e P(2S)—pu'u” is EM decay, AN, = +1



Amplitude analysis of B°—J/Wrt*mr
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