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Standard and Exotic Hagirons

» Longstanding dispute in light meson
spectroscopy If exotic states exist
(too many scalar states?).

— See e.g. recent LHCb-PAPER-2014-012:
amplitude study of B°® J/yp *p- decays;
f,(500),f,(980) not consistent with the ~
tertraquark model

* No convincing experimental proofs mesonic

for existence of elusive pentaquarks molecule ?

 Recent discoveries in heavy quark
states have revived hopes for
conclusive proofs for existence of
exotic mesons tetraquark ?
pentaquark ?

STANDAR

meson baryon

e.g. deuteron

EXOTIC

hvbrid ?
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X(3872) | |
@ « Discovered by Belle in
@ B+® X(3872)K*, X(3872)
® Jly p*p in 2003, also
or or observed by CDF, DO,
@ BaBar, LHCb and CMS
_ @ » Last year, using
Exotic Standard B*® X(3872)K", X(3872)
__tetraquark charmonium Standard ® Jly p*p- data LHCD
DOD™ molecule DD determined J°¢ to be 1**
hybrid
y threshold 1o
heo(1'D,..) cush
h.(2P)C1(2PLeA2 Cc1(23P1++) LHCb-PAPER-2013-001
I PRL 110 (2013) 222001
X(3872) o « Makes pure charmonium
ALDY"? state interpretation rather
y(3770) unlikely

Open charm threshold
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Radiative decays of X(3872)
« Measurement of

R,=BR(X(3872)®y( 2S)g)/BR(X(3872)® J/yg)
a good probe for internal structure of X(3872)

Signal events: Signal significance:
B*® X(3872)K*,
X(3872)®y( 2S)g,Jlyg  y(2S)g,Jlyg

254+ 7.3, 23.& 6. 3.6s, 3.5s
500,  30.0;2  0.4s, 4.9s
efficiency(y(2S)g) / efficiency(J/yg) ~ 1

y(2S)g

| <2S|r|2P> |2 [<1S]r|2P>|2

90% CL UL

* Previous measurements by BaBar and Belle
barely consistent and favoring the opposite
conclusions



Projections of 2D fit to m,,., vs m,,
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Radiative decays of X(3872) In LHCDb

LHCb-PAPER-2014-008 arXiv:1404.0275

B*® X(3872)K*, B*® X(3872)K*,
X(3872)®y( 2S)g X(3872)® Jlyg

B+
B+

36.4+9.0 events
591448 events
4.4s X(3872) 125 X(3872)

The most significant evidence for X(3872)®y( 2S)gto date!

efficiency(y(2S)g) / efficiency(J/yg) ~ 0.2
Detecting soft photons at hadronic collider is hard.



Radlatlve decays of X(3872) In LHCDb

Signal events: Signal significance:
B*® X(3872)K*,
X(3872)®y( 2S5)g,Jlyg  y(2S)g,Jlyg
| | 254+ 7.3, 23.& 6. 3.6s, 3.5s
90% CL UL 500, 3007,  0.4s,4.9s
-HCh 2018 LHCb  36.4+ 9.0,501.8 48. 4.4s,12s

BR(X(3872)®y( 2S)g/BR(X(3872)® J/yg)
= 2.48+0.6420.29

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 c,(23P,,,) charmonium state and of D°D*
molecule or cusp
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iy v ] Z2(4430) discovery and its importance
- Phys.Rev.Lett. 100, 142001 (2008)

K’
BRY p K

Belle 2008
1D M(y 'p’) mass fit

PRL 100, 142001 (2008)
(*K* veto region”)

Z(4430) B Kpr

N

non-B bkg charged neutral
or
(2D amplitude fit in 2009) d
Belle 2013

(subsample with Yy ® [*1") .
4D amplitude fit Exotic Standard
PRD 88, 074026 (2013) tetraquark charmonium

(“K* veto region”)

molecule
With i
Z(4430) No Z hybrid

N~

bkg

7

or

BaBar 2009

Harmonic moments of K*s (2D)

Bkg. subtracted efficiency corrected

Standard
D-D,™
threshold
cusp

reflected to M(y 'p)

PRD 79, 112001 (2009)
Belle 1D

M(y 'p’) GeV

No Z(4430) ?
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Z(4430) in LHCb
LHCb-PAPER-2014-014 arXiv:1404.1903

e B%®y Kt*p,y ®m™m

VS
25,176x174 Belle: 2,010+£50
signal events BaBar: 2,021+53
bkg (4.1£0.1)% vs. bkg in Belle: 7.8%

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) . K*(1430)
-1 Dalitz plot ™ 7_)

----------------------------------------------- > Z(4430) 2

No assumptions about about K*
contributions except for the maximal J

\/ K¥*J 2
filter

‘]max:2
Excess of events over
the K*J 2 filtered distribution
-
: , | correlated statistical errors |
IS apparent . ' In the filtered distribution
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Z(4430) in LHCb:
4D model dependent amplitude analysis (a la Belle 2013)

- f
qy’ ) 1 qK*
oMy, ..
BY kep Build decay amplitude from
m o known K* resonances J=0,1,2,3
(or My, %, m., ?)
(“all data”™) (“K* veto region”)

The data cannot be adequately described

2 _ -6
The 2,5, p-value < 2x10°¢ () with the J 3 K* resonances alone
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Amplitude fits with JP=1* Z(4430)" .. gata

(log)

The c?,; p-value = 12%

4

e The data are well described when J°=1* Z(4430)- is included
In the fit

o Z(4430) significances from D IS 18.7s (13.9s with
systematic variations)

In back-up slides: > more fit displays > possibly 2nd lighter Z-
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Z(4430) parameters: LHCDb vs Belle

Amplitude fractions [%0]
(statistical errors only)

LHCDb Belle

LHCb Belle

(with interferences)

(new large systematic
effect included by LHCb)

(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 Belle
) 26s R PRD 88, 074026 (2013)
185
using a
anoroach
charged neutral

Including systematic variations:

Rejection level relative to 1* Or Or
Disfavored JP LHCDb Belle d
0- 9.7s 3.4s )
Exotic dard
1- 15.8s 3.7s tetraquark hStan ar Standard
2+ 16.1s 5.1s molecule charmonium D*-Dl*o
2. 14.65 4.7s hybrid threshold
b1+ . cusp
« JP=1* now established beyond IP=01-2-

any doubt The only other confirmed charged four-quark candidate Z(3900)
observed by BES-III and Belle in 2013 could be a DD* threshold effect
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Is Z(4430) really a particle 1.e. a real bound state?

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

data
phase Rapid phase transition at the peak
m of the amplitude ® resonance!
s
R
‘ Q&‘/\ First time ever the resonant
@«\“ character of the four-quark
&

candidate has been
demonstrated this way!

Argand diagram
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Z(4430)- is the first confirmed unambiguous four-quark candidate
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New results on production of c,(1P,2P,3P) states

Preliminary
% LHCb-PAPER-2013-031

Cp(1P) ® g
C,(2P) ® g
Ch(3P) ® g
Cp(2P) ® g
C,(3P) ® g
Cp(3P) ® g
c,(NP,)

Using the potential models for the -3P, mass splitting we determine: | a|so consistent with ¢, (3P, ,) barycenter:
2 :
M[ ] =10511.3£1.7+2.4 MeV ATLAS: 10530+ 5+17 MeV ere 108152001 (2012)
In reasonable agreement with the potential model predictions e.g. DO: 10551+14+17 MEV rro ss, 051103 012)

W.Kwong,J.L.Rosner PRD38, 279 (1988): 10516 MeV
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c,(nP) to Y(mS) feeddown fractions
[%]

C,(3P) to Y(3S) feeddown has been often neglected

when comparing data and theory on Y(3S). This measurement demonstrates
its importance.

« Similar feeddown rates for all c,(nP) to Y(nS) transitions is not a surprise

given what is known about these states from the potential models (see the
backup slide).

« Small feeddown for c,(nP) to Y(mS) with m<n reflects the small E1 matrix
elements for such transitions.
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Summary
«  X(3872)®y( 2S)g ! " S

— BR(X(3872)®y( 2S)g)/BR(X(3872)® J/yg)= 2.48+0.64+0.29 inconsistent with pure
molecular interpretation of X(3872)
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c,(3P) to Y(3S) feeddown is large, as expected from the potential models, but often
neglected up to now
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END
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BRY p K

Belle 2008
1D M(y’'p-) mass fit

(“K* veto region”)
PRL 100, 142001 (2008)

Z(4430)-

K*® Kp-
bkg.

/

non-B bkg

M(Z) =4433+ 4+ 2 MeV
GZ) = 45,7, MeV
significanceb.5s

Ad hoc assumption about
the K*® Kp- background
shape.

7z k- Z(4430) previous measurements [y v )l

Belle 2013
BaBar 2009 (2D amplitude fit in 2009)
Harmonic moments of K*s (2D) P
4D am Iltude flt
reflected to M(y 'p) (subsample with Yy ® |*
Belle 1D (“K* veto region”)
g With Z(4430)
E \ No Z
g bkg
M(y'p’) GeV
M(Z) =44857% "% MeV
BaBar did not confirm Z(4430) G(Z) = 2007 2 MeV
in B sample comparable to Belle. -
Did not numerically contradict the 6.4s (5.6 with syg
Belle results. JP=1* preferred by >3.4s
Almost model independent Model dependent approach
approach to K*® Kp to K*® Kp- backgrounds.

backgrounds. Higher statistical sensitivity.
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Z(4430) in LHCDb: 2D model independent analysis (a |la BaBar)

K*(892) : K*,(1430)
= Dalitzplot =7, “Rectangular Dalitz plot”

----------------------------------------------- > Z(4430)? spin Decompose into
J
Legendre moments
U Ndata
<RBR" >= —P(cosq.. )
| [ i
—) cos(q.) = e <
VS. mK+p_ VS. mK+p_
: “‘K*J_ . filtered”
“K*J__ filtered” max > | ———
i ass only moments wi
Dalitz plot <= COS(qK*) <= not mgre thanJ__ /2
max
VS. Mg +p-
Excess of events over
J_ =2 the K* J_ =2 filtered distribution
max
is apparent !
“\\‘ This method cannot be used to determine Z(4430) parameters
R T because Z(4430) contributes to the K* J__ filtered distribution
, correlated statistical errors . . max .
' In the filtered distribution ! in an unpredictable way due to unknown Z - K*s interferences

S 1 ﬂ

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)

m Z(4430) amplitude
parameterized in
qy’ y 1 qK* different angles
derivable from the angles
BO mK+p_ in the K* decay chain
m
D
2 2
(or My, % My %)
Amplitude model:
— Construct decay matrix elements as a sum of quasi-two-body B°®y K™ B°%® K*
I "H# $ % !
& " (' K*® K*p- ' %) % * +,
! - ! ! - ' A
*101 2 - !
3 11 %45 " '*$ 6 # 7&
-+, 1 -
8 11 1 11 - 1 (! 6
1! 21 1 11 9
* I I (
D
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Amplitude fits with JP=1* Z(4430)-

“below K*(892)”

K*(892)

“K*(892) region”

“K* veto region”

*,(1430) 3
J=2
4
-------------- > 7(4430) -
S
4

“K*,(1430) and above”
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More than one Z®y p ?

(“K* veto region”)

« Argand diagram for
the Z, is inconclusive

- * No evidence for the Z,
c* p-value in the model
One Z I
e 7,(4430) iIndependent approach
> * Need more data to
0 .
clarify!

M (Z,) = 4239+ 18 MeV

J°(Z,) =0 preferred
G(Z,) =220+47'% MeV

overl ,2 ,2 by &
f,, =1.6£0.5;, % (660+ 150 MeV wide ‘1
f, =2.4+1.127 % cannot be ruled out)

6s significane (with systematic
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Scaling of ¢, (nP) to Y(nS) feeddown fractions with n

Naive, O order estimates by T.S.

— Scaling from one radial excitation to the other is related to probabilities for the bound states to couple
to short-range production diagrams, and to hadronic and electromagnetic widths of c (nP) states. All
well predicted by potential models 20-30 years ago! Can also use some measurements, instead.

s(Y(nS)) u |Rs(0)?n G, from PDG Gea(Co(NPy)® Y(MS)g) in keV
— Scaling: 1(def), 0.46, 0.33forn=1,2,3 =1 m
s(cp(nP)) 1 |R,p'(0)]? from average of 3 potential models in 1 > 3
A.K.ti_ikhoded,A.V.Luchinsky,S.V.Poslavsky
PRD86, 074027 (2012); arXiv:1203.4893 1328
— Scaling: 1(def), 1.15, 1.22 forn=1,2, 3 N12| 93] 159
S(Cb(npl))/s (\((énf?)) f 3| 37| 36/ 101
— Scaling: 1(def), 2.5,3.7forn=1,2, 3 ~
1(cy(NP;)® Y(mS)g) for m = n, n-1, n-2 from potential model / - il

calculations by W.Kwong,J.L.Rosner PRD38, 279 (1988) 1 2 3
BRg,(cp(1P;)® Y(1S)g) = 0.339, 0.191 for J=1, 2 from PDG 1378
Graa(Co(1P3)) = Gey(Co(1P,)® Y(1S)9) * ( 1/BRey(Co(1P)@ Y(1S)g) -1)| " [ 2 | 05187
Ghad(Co(NP3)) = Grad(Co(1Py)) * [Ryp'(0)I* /|R1p'(0)? 3| 38| 38101

BRe1(Ch(NP;)® Y(nS)g) = Ge1(Ch(NP,)® Y(nS)Q) / (Gag(Ch(NPy)) + Geg 1or)
— Scaling: 1 (def), 0.48, 0.31 for c,(nP,) n=1, 2, 3

— Scaling: 1 (def), 0.46, 0.29 for ¢, (nP,) n=1, 2, 3
5(C(NP)) / S(Y(nS)) * BRey(CH(NP,)® Y(nS)g
— Scaling: 1 (def), 1.20, 1.16 for ¢ (nP,) n=1, 2, 3
— Scaling: 1 (def), 1.15, 1.09 for ¢ (nP,) n=1, 2, 3

— Decreasing BR,(c,(nP,)® Y(nS)g) offsets increasing s(c,(nP)) / s(Y(nS)), thus the differences in
c,(nP,)® Y(nS)g]feeddowm between various n are expected to be only 10-20%

Fledddown for c,(NP;)® Y(mS)g, m<n is small, reflecting smallness of off-diagonal E1 matrix
elements



