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Standard and Exotic

« Longstanding dispute in light
meson spectroscopy If exotic
states exist (too many scalar

states?)

* No convincing experimental

proofs for existence of elusive .
mesonic

nentaquarks molecule ?

* Recent discoveries in heavy
guark states have revived
hopes for conclusive proofs for

existence of exotic mesons tetraquark 7
d pentaquark ?

EXOTIC

00

hvbrid ?
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X(3872)

O@OI’O@ or

Exotic Standard
__tetraquark charmonium
D°D*0 molecule

hybrid

N.,(1'D,._,) is now ruled out!

Charmonium spectrum
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« Discovered by Belle in
B*—>X(3872)K*, X(3872)
— Jly - in 2003, also

observed by CDF, DO,
@ BaBar, LHCb and CMS

@) « Last year, using

B*—>X(3872)K*, X(3872)

— Jly ntn data LHCDb

Standard determined JP€ to be 1**
DOD™ — | .
21200:— 120 70p X(3872) 1
threshold 1 fb
Cusp % SUDE: jo
B

1 1 1]
600 1000 1200 1400
M diy) - M(J/y) [MeV]

Xcl(23P1++) pOSSible bUt LHCb-PAPER-2013-001
disfavored by mass PRL 110 (2013) 222001

« Makes pure charmonium
state interpretation rather
unlikely

0~ 1-- 1+~ 0+~ 1= 2+ 2-* 2-- 3"
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Radiative decays of X(3872) —

« Measurement of
R,,=BR(X(3872)—>y(2S)y)/BR(X(3872)—J/yy)
a good probe for internal structure of X(3872)

Signal events: Signal significance:
B*—>X(3872)K*,
X(3872)—>y(2S)y, Jyy  w(2S)y, Iy
,BaBar2009 PRI, 102 (ﬁ{]ﬂ!}) 254+73, 23.0+64 3.60, 3.5¢
132001 5005, 3005,  0.4c, 4.95

Belle 2011  PRL 107 (2011) 091803
90% CL UL

efficiency(y(2S)y) / efficiency(J/yy) ~ 1

_ predictions for pure {:E state

prediction for pure DD* model

predictions for admixture of cc and DD*
A e

0 1 2 3 4 5 6 7

RW
* Previous measurements by BaBar and Belle
barely consistent and favoring the opposite
conclusions
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Projections of 2D fitto m . vs m,,

Radiative decays of X(3872) in LHCb

LHCb-PAPER-2014-008 arXiv:1404.0275 Apr. 1, 2014

B*—>X(3872)K*, B*—X(3872)K*,
X(3872)—>y(2S)y X(3872)—>J/yy

1500

—

B+

1000—"%"~

Candidates /(15 MeV/ %)

500

Candidates /(10 MeV/ ¢

a)
LHCh

D{;'_ A T A Vit S
51 h2 53 54 55
T Ay K+ GeV/ 2
T 36.4£9.0 event F
E g 4 4 - )e(\;eSr;ZS { E 591+48 events X(3872) LHQ}JJ
: [ 4o XD + 2 Wb ¥
7 20 % =
Y - R
ERRT= Al z ;
05 38 E— 3.-.?‘._3-_|_ — ffll I T Tt alsie S S
T (95 )y (GeV /7] 37 38 35 4.1
YD o GeV/c?]

The most significant evidence for X(3872)—>y(2S)y to date!

efficiency(y(2S)y) / efficiency(J/yy) ~ 0.2
Detecting soft photons at hadronic collider is hard.
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Radiative decays of X(3872) in LHCDb =

Signal events: Signal significance:
B*—>X(3872)K*,
X(3872)—>y(2S)y, Jyy  w(2S)y, Iy
o BaBar 2009 PRL 102 (2009)
' : 132001 254+7.3 23.0t64 3.60, 3.50
Belle 2011 '
50% oL RL 107 (2011) 091803 5. O+ﬁg 3O-Ot$:i 0.4c, 4.95
IL_E_HC 200 LHCb  36.4+90,591.0+480 4.4, 12G
b Predictions for pure oo state
y Prediction f‘:’;" pure Dﬁ*im‘f‘de' BR(X(3872)—>wy(2S)y)/BR(X(3872)—>J/yy)
B S o APt = 2.48:0.64+0.29
R'-W

« The LHCDb results are consistent with, but more precise than, the BaBar
and Belle results

« The results are not consistent with the expectations for pure molecular
X(3872)

. X(3872) is likely a mixture of a y.,(2%P,,,) charmonium state and of D°D™
molecule or cusp
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Z(4430)" discovery and its importance
Phys.Rev.Lett. 100, 142001 (2008)

Observation of a resonance-like structure in the 71/ mass
distribution in exclusive B — K751/ decays
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=Top #FressRelease =this page

Press Release

Belle Discovers a New Type of Meson

MNovember 13, 2007
High Energy Accelerator Research Organizatjos L

charged neutral
©

® \
@ or or

¢ tE xotic " Standard
etraquar charmonium
molecule 2 S[t)ai}rg)d%rd
hyb”d ’ ) 1
(L threshold

cusp
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s k- Z(4430) previous measurements [V =vizS)

Belle 2013
B_)leK H BaB ar 2009f K*s (2D (2D amplitude fit in 2009)
Belle 2008 armonic moments of K*s (2D) AD amplltude flt
1D M(y'n~) mass fit reflected to M(y'n") (subsample with ' —>I*
( 'K* veto reglon ") _ Belle 1D 5 0.996 G(e\&’g jerinc;Krg%qTJns)BZ GeWc2

PRL 100 142001 (2008)
- —

Z(4430y

PRD 79, 112001 (200@) PRD 88, 074026 (2013)

| y(28)rK moments
| == JlynK moments

30

© With Z(4430)- |
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Events / 0.17 GeV?/c*

Events/0.01 GeV

|
—
[}

K O

S T

Bkg. subtracted efficiency corrected

g - . 03.8I a2 a4 a6 a8 04516 17 18 19 20 21 22 23
38 4.05 i u?]g::Ge‘Jj 455 4.8 M(\I}’_ﬂ:—) Gev Mz(lll’,ﬂ:), GeVZICJ‘I
+22 +28

M(Z) = 4433+ 4+2 MeV M(Z) =44853; 11 MeV

r(Z) = 45 MeV BaBar did not confirm Z(4430) I'(Z) = 2007; 2 MeV

. in B sample comparable to Belle. -

significance 6.5 Did not rﬁ’umericaﬁy contradict the 6.40 (5.60 with sys.)

Belle results. JP=1* preferred by >3.4c

Ad hoc assumption about  Almost model independent  Model dependent approach
the K*>Kn~ background approach to K*>Kn- to K*>Kn~ backgrounds.

shape. backgrounds. Higher statistical sensitivity.
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Z(4430) in LHCb —
LHCb-PAPER-2014-014 arXiv:1404.1903 Apr. 7, 2014
¢ BOsywKin, y'—uu (3 fb)

VS
Belle: 2,010+50
BaBar: 2,021+53

LHCb

————
25,176x174
signal events

1800
1600
1400
1200
1000
800
600
400
200

bkg (4_110_1)% vs. bkg in Belle: 7.8%

Candidates / 1 MeV

sideband sideband

5250 5300

M, [MeV]

An order of magnitude larger signal statistics than in Belle or BaBar
thanks to hadronic production of b-quarks at LHC.

Even smaller non-B background than at the e*e- experiments
thanks to excellent performance of the LHCDb detector (vertexing, PID)
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Z(4430) in LHCDb: 2D model independent analysis (a la BaBar)

K*(892)
J=1

K*,(1430)
J:'2
—

Dalitz plot

My [GeV?]
Hj»
-r;ﬁ |

o ol
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“‘Rectangular Dalitz plot”

Decompose into
Legendre moments

3 3 =
f o | o, 1
= 3 1 <P >= —P COS@ >
= E |=> cOS(Ox~) |=> ! ; £ 1(C0s6,-,)
i - LHCb VS. My, VS. My,
2 2.5
mz. [GeV?] .
K J - filtered” K I filtered”
max 1
. cOS(0« Pass only moments with |
Dalitz plot <= (%) <= not more than J,. /2
I : '\AI : : VS. mK.H-c_
0.04 Al O Excess of events over

__________________

.. 1
: correlated statistical errors 1

' In the filtered distribution |

__________________

lllllllllllllllllllll

Efficiency corrected yield / ( 25 MeV )
=
[\

the K* J,..,=2 filtered distribution

is apparent !

This method cannot be used to determine Z(4430)- parameters
because Z(4430) contributes to the K* J, ., filtered distribution
in an unpredictable way due to unknown Z - K*s interferences

4

use of amplitude analysis is unavoidable
for characterization of Z(4430)-
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Z(4430) in LHCb:
4D model dependent amplitude analysis (a la Belle)

Z(4430)- amplitude
parameterized in
different angles
derivable from the angles
in the K* decay chain

*  Amplitude model:
— Construct decay matrix elements as a sum of quasi-two-body B%—y’K"and B°—Z-K* components.
— Each resonance represented as Breit-Wigner amplitude (“Isobar model”) and J dependent angular terms.

—  Allow all known K*—K*n~ resonances with J<3 (higher J states are above the kinematic K* mass limit and
suppressed by orbital angular momentum barrier in the B? decay) with masses and widths constrained to the PDG

values; fit their complex helicity amplitudes.
—  Two different J=0 (“S-wave”) parameterizations (Isobar and LASS).
— Study K* model dependence for systematic errors.
*  Fit method:
— Use two different methods of implementing efficiency corrections and of non-B® background parameterization.
— Perform unbinned maximum likelihood fit of free model parameters to the 4D data.
— Discriminate between various amplitude models using the likelihood ratio test:

*  A(-2InL) is a test statistic
* generate and fit pseudo-experiment to predict probability density distribution under each amplitude hypothesis

— Also evaluate goodness-of-fit by calculating a y2 value between the data and the fit using adaptive 4D binning.
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Amplitude fits without Z(4430)

(“all data”) (“K* veto region”)
_— T T T T T T T T T T T T T T T T T | T T T | T T T | T T T | T T
1000 | | ' ' @-data ' H
| —=—total fit LLHCDb + + +
 gmnl — 72 —]
K (892) 200 _—1.0 <mp. < 1.8 GeV

—"'—K' S.wave
—=— background
K (1410)

K (1680)
1 ——K(1430)

500

Candidates / ( 0.2 GeV?
Candidates / ( 0.2 GeV? )

100

16 18 20 22[

* The y? p-value < 2x10°

U

* The data cannot be adequately described with the
J < 3 K* contributions alone
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LHCD
w —1+
Amplitude fits W|th JP 1 Z(4430) Cal gae)

— data

—=— total fit -=-=-=- total fit with no Z{4430)

—— Z{4430) excluded
K (892)

—— 7(4430)

— K‘ S-wave

—— K,{1430)

—=— background
K (1680)
K (1410)

13

V2

Candidates / ( 0.2 Ge

1 000

500

[*))
o
[w]

Candidates / 0.05

200

* The %2 p-value = 12%

4
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L T — T T
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1000}

—————

100 0 100
O [degrees]

« The data are well described when JP=1* Z(4430)" is included in the fit
« Z(4430) significances from A(-2InL) is 18.7c (13.9¢ with systematic

variations)



Candidates / ( 0.2 GeV?)

Candidates / ( 0.2 GeV? )

LHCD

LHCb
Fm2._ < 0.7 GeV?

K

60 below K*(892)”

I|III—

80

40

20

o O
[

Amplitude

ot
_._-:-W"’;-u\.:q_-_

—.I— da{a

—=— total fit

—— Z(4430) excluded
K'(892)

—_ K' S-wave

—— Z(4430)

—— background
K'(1410)
K'(1680)
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400

200
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fits with JP=1* Z(4430)

K*(892)

*,(1430)

200 1.

100~

Candidates / ( 0.2 GeV? )

[LHCb
0= mf{_n_ < 1.8 GeV?
“K* veto region”

-
G e e e e
- - =

> 200 -
rm;. > 1.8 GeV?
150 F“K*,(1430) and above”

LHCb

100
SO -
0 :. |7 - -
16 118 20 22
my,,- [GeV~]
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BN - a0 nmraretore: | LA
Z(4430) parameters: LHCDb vs Belle

—

Amplitude fractions [%0]
(statistical errors only)

LHCh Bell Contribution | LHCb Belle
elie
S-wave total |10.8 =1.3
M(Z) [MeV] | 4475+ 7+ |4485 + 22+
NR| 0.3+£08
,. ~o o 19437 141+26
[(Z) [MeV] 17221375 | 200756 g5 Kz(800)| 32422 | 58+21
fz [%] 59409715 | 103+39+13 K;(1430)| 3611 1.1+14
i (%] 16.7 + 1.6+2'§‘ K*(892) 50109 |63.8+26
(with interferences) -
K5(1430) 7004 | 45+=1.0
Significance > 13.90 > 520
K{(1410) 1.7+£08 | 4.3+2.3
(new large systematic }—{f(lﬁgﬂ) 40+£1.5 44+19
effect included by LHCDb) }
Z(4430)~ 59=+0.9 1[],3J_r§:g

(not in the default fit K*;(1780) 0.5+0.2)

» Overall excellent consistency between LHCb and Belle
* Errors substantially improved
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Z(4430) spin-parity analysis

P 260 .
o 300 T I18 T T ] ]
S s> LHCb .
S 250 at =
f’é‘ B Simulated conservative N
Y - experiments approach Data ]
E 200 — J; =0 -]
D N 3
N ]
v 150 —
_g E Si_mullated E
= - experlments -
2 100 B=T .
50 =
: ) | 1 1 1 | :
-200 0 200 400

A(-2InL)

charged

Including systematic variations:

@

Rejection level relative to 1* O @
C
Disfavored J* | LHCb Belle @
0- 9.7c 3.4c )
Exotic
1- 15. s
>80 370 tetraquark
2+ 16.1c 51c molecule
2- 14.6c 476 hybrid

« JP=1* now established beyond

any doubt

16

Toy MC experiments

35E

25F
20F
15F
10F

The only other confirmed charged four-quark candidate Z(3900)-

—
Belle

Yalue in data

PRD 88, 074026 (2013)

Standard
D*D,™
threshold
cusp
JP=0-,1-,2-

observed by BES-IIl and Belle in 2013 could be a DD* threshold effect
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Is Z(4430) really a particle i.e. a real bound stat

* Does it follow resonant behavior if not forced to it by the
amplitude model?

* Replace the Breit-Wigner amplitude for Z(4430) by 6
independent amplitudes in m,,.._“ bins in its peak region

Rapid phase transition at the peak
of the amplitude — resonance!

First time ever the resonant
| character of the four-quark
. candidate has been

l demonstrated this way!

-0.6 0.4 -0.2 0 02
. Z
Argand diagram Re A
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Z(4430) is the first confirmed unambiguous four-quark candidate

CE@W LHCb confirms eX|stence of exotlc How CERN'’s Discovery of Exotic Particles May Affect
\

: Astro hysics
. hadrons ~- » p__?____
1 OEZ ] 3 4 Z (4430
j(iﬁ%,ﬁ Eﬂlﬁﬁfﬂ Wﬂﬁ% ( ) LHCOEBRZ1T> TV BEEFART — A1, MBDIA —INES LIHITTH3 [2(4430)"] ZEMUEERE
TR AR, ¢SmRS R L Liz. Z(4430) ELTlE. PRENSTERICLTES O BIOMEF - ARETEIEILIZECRS.

inlld&ndiudunuaiasaugavninngagnaudaninn

Nowa forma materii: potwierdzono istnienie
NATTY_SCI Aadnd, ans .
, . e e X . L ) ) egzotycznych hadronow
alda 1rmsod LHCb 15!LIﬂ‘l';I-‘IﬂH‘IEII‘IFI'-I\IILEI:ZTﬁ‘]IEIlJEIEIuﬂ‘IFFI‘IFII.FI';ENT.EI!_IB]'-I\]LITII.FI';‘I:M UEUIaIWmA LA IAS IS DI U TO TRZECI RODZA.J HADRONOW, DOTYCHCZAS WYRGZNIANG BARIONY | MEZONY
fiidnisidmuadua: BaBar 1n1s ddasiansanistiaduasiive g laduduudii Z(4430) 1fusiagase uas exotic hadron Al

CHE ISR

AT AN AT 2NN T AT TR RN 10T — iAo 13.9 iney — annm (2 (4430 7w DimiNg nignamn”
PPN NIOAD AT ' NN D9 DANN 7Y TRTANN YN IR qen LHCD -0 nima” niong “awmnen LHCb
1" I

gaman 7w mnen oo | | OKCNEPUMeEHT LHCb okoHuaTenbHoO gokasan
peanbHOCTb 3K30TUYecKoro mesoHa Z(4430)

|0bjaVI|I cudnu casticu, urychlovac ju potvrdil

. . . LHC Beauty Tangkap Z (4430)
LHCb kinnitas tetrakvargi olemasolu Munakin Tetraguark

Mystisk partikel udfordrer fysikernes kvarkmodgl
CaC nha nghlen cu_,u tal LHC xac nhan su_, t%‘l tal Cua hat EixeortigEI;?:sTeilchen: Physikern gelingt Nachweis eines Partikels aus
TEtl’aq uark: tO hO’p tao thanh twr 4 qual'k De LHCb heeft ‘t bevestigd: er bestaan exotische hadronen

10 APRIL 20114 DOOR ARIE NOUWEN = REAGEER
ISNA

@ PISTOLA FUMANTE DI UNA PARTICELLA A QUATTRO QUARK I

("*’) L u’f’u‘ﬁ’dj’//’

lranlan Students' News Agency

LHCb confirma la existencia de la particula
Z(4430) formada por cuatro quarks

Mapacksun, 11 Anpiiiou 2014

il i Bl Ol congege 016 b cosgmgn e p OIS 3 300 8l Dl oy 2007 Jles js Z(4430) 83 waliS ogiSh

ol 3gmgn sibio a5 aigd,d Slsle LHCD jlew il §l aalacawl b oy (sugsS il

O LHCb smpeforcdver Tnv vropin s2oTikot copatidiov, LHCh
Time To Open the Gates of Hell? CERN: Large Hadron confirms existence "fe""ﬁc“a ———
H H . AT APR 12. 2014 AT 08:25 PM PDT ~ Natuurktifide & wiskunde
Collider Discovers ‘Very Exotic Matter’ That T 5 %QINI * ;J Sj Trek o o byt
ie s : _ : etra Quark: Not a New Star Tre -fysici bevestigen
Challenges Traditional Physics! (Must-See Videos) bestaan nieuw exotisch
Thursday, April 17, 2014 19:57 Character. a New State Of[EVIatter- deeltje
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B More than one Z—y'n~ ? >

(“K* veto region”)
I T T T I T T T I T T T I

i LHCDb
1.0 < 111' = 1.8 GeV?

« Argand diagram for
the Z, is inconclusive

* No evidence for the Z,
In the model
Independent approach

« Need more data to
clarify!

2
=
C‘.)

Two Z
x? p-value
=26%

100

Candidates / ( 0.2 GeV?)

One Z
x* p-value 21(44303
=12% —

- ——

D 1
My, [Ge\]

M (Z,) = 4239 +18™% MeV

J*(Z,) =0 preferred
[(Z,) =220 +47"% MeV

over1,2",2 by 8o
f, =1.6+£0.57, % (660+150 MeV wide 1*
f) =24+1.1°] % cannot be ruled out)

6o significane (with systematics)
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Summary

« X(3872)—>y(2S)y decay now established at 4.4c level

— BR(X(3872)—>y(2S)y)/IBR(X(3872)—J/yy)= 2.48+£0.64+0.29 inconsistent with pure
molecular interpretation of X(3872)

« Z(4430) confirmed together with its JF=1* assignment with overwhelming
significance
— Mass, width consistent with the recent Belle redetermination

— Resonant character of Z(4430)- demonstrated with the Argand diagram
« first time ever for a four-quark candidate

— Only second charged four-quark candidate observed by two different experiments
— Unlike for Z(3900)-, its quantum numbers rule out Z(4430)- as a threshold effect
— The charge and the spin-parity make Z(4430)- unambiguous four-quark candidate

— Confirmation of exotic hadrons may have important implications to astrophysicist
(models of neutron stars and haronization phase of the early Universe)

 Much remains to be done for the four-quark states

— Probing internal structure of the existing candidates (Z(4430)- in particular) via
detection of the new decay modes and new production mechanisms

— Looking for more candidates
— Coherent theoretical description



