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Intr lon

m Interest in “exotics” arises from the fact that
they would be new states of matter beyond
the simple quark picture. Specifically,
tetraquark mesons or pentaguark baryons,
perhaps glueballs or hybrid states qqg.

= These would be short-lived ~10%3 s
“‘resonances” whose presences is detected
by mass peaks and angular distributions
showing the presence of unique JF¢ quantum
numbers
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= It IS also possible for other processes to
mimic resonant effects

s Example: The Deck effect, a lesson in
confusion: w*p—n*p°p, p’—ntn, using a 3.65

GeV it beam, G. Goldhaber et. al, PRL 12, 336 (1964)
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O Clear enhancement near threshold. Is it a new
resonance as suggested in original paper?

m Theorists, first Deck, suggest that the threshold
enhancement can be due to off shell p
scattering R.T. Deck, PRL 13, 169 (1964)

Deck
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Deck Effect

= Deck s fit to data can provide

adequate explanation \

m 3, seen in different charge states
& different channels, e.g. K'p—»K*ntrnp "

= Many more sophisticated theory papers

ME(m*p?) (GeV?)
m Controversy continued until observation of a, in
T-—ntn nvdecays
m Lesson: a real state should be seen in several
ways. Even though the a, is a real state, the Deck
effect has to be there to some extent. Likely both
are present in hadron production experiments
FPCP Nagoya, May 2015




. Scalar meson quandry

o Whlle 0- and 1- mesons follow a simple rule
that adding an s-quark increases their mass,
the 0" mesons are difficult to understand in
this context

1 P 776 MeV  (uu+dd)V2 a,(980) 980 MeV
0 ® 783 MeV  (uu-dd)V2 f,(500)orc 500 MeV
1/2 K*(892) 892 MeV  (uord)s (800) 800 MeV
0 0 1020 MeV ss f,(980)=f, 980 MeV

» 0 & fy(980) may be mixed by angle ¢
tions that lars are tetr rks
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BoJ/yrntn” decays

= LHCDb data ,.xy-1402 6248

T S 1400 T =
” LHCb 2 oo LHCb _° poe .
— eeee S -
f0(980) Ne) BO Blagcnke:round .
o2 100 ) :

- —me £,(1270)
~ 800 === (782) —
@ —— p(1450) ]
.S 600 o -
= F @& g v s ]

fo(1500) =400 :
cd f0(1 790) g 200 i:," .......
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= Note large f,(980) in B, & f,(500)=c in B°
m Why is f,(980) so narrow? The mass is very
close to threshold for K*K-, coupled channel
decay into tt & KK was parameterized by Flatte’
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o In the context of a coupled
channel model by Torngvist,
Bugg, arXiv: 0802.0934 has shown _,
that the presence of a threshold
can narrow down a resonance.
The resonance is real, its _ .
structure is not important. e

s Others have argued that the thresholds can
mimic resonances. (See Swanson arXiv:
1409.3291). Even create a ~90° phase shift in
Argand plane (Bugg arXiv:1105.5492)
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B, decay diagrams
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First prediction: If ¢ is a tetraquark it will not be seen in B.—J/yo
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BY decay diagrams
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Rate ratios

Label Mode ratio Rate ratio Z? qq  Z? tetraquark
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Last ratio is independent of model, allows measurement of form factor ratio
of 0.99 .
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LHCD results

- r0f0<0 098 @ 90% cl, should be V% for
tetraquark suggests the f, & ¢ are qq states

m Possible deviations caused by tetraquark
mixing, isospin violation, etc...

m If g, mixing angle |¢] <17° at 90% cl arXiv:
1404.5673

FPCP Nagoya, May 2015 .
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Belle

X(3872) IIIIIII

= First seen by Belle using B—)(J/\|I7t+7t wl | 262"“‘20“)-;
= Confirmed by BaBar j

.010 GeV,
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s At D*9DO threshold: Am=-0.17+0.26 MeV
FPCP Nagoya, May 2015
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= Properties
= Deoay modes: Jiyrtn~ dominated by p°, also

seen in Jhyy, vy, which implies C=+, D*°DO
where the mass appears to be higher and the
width larger (For other modes I'<1.2 MeV, but
here I'=3.4";MeV)

m What is its internal structure”? qq charmonium
state, tetraquark state, molecular state binding

D*0 & DO but would have large size due to weak
binding 0.1720.26 MeV

= JPC measured by CDF to be 1** or 2-* [hep-ex/
0612053]. New measurements by LHCb

FPCP Nagoya, May 2015
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B+—X(3872)K+, 5 independent angles
X(3872) - J+/w_ T, describing the decay in
Jy—pp helicity formalism
[ M@ = Z | Z Aryorp X D 3'5\1..4-»‘-—/\9(»0'9-‘“ 0)” x Matrix element
.ﬁAuz—l.-Fl /\J"v‘LH Ap=—1,0,+1 I

9

D/{,-, .O(AC‘)-\.-P' 0[7' O)* X D/I\J‘;";- X A’\M (AG}_\’.J“,iu, o 0_]!:’& M 0)‘ |-

S ) ) ( . S Relation of the
Ajjo = Ap 0 Ay =A,

Jx - §
Ao = A ) helicity couplings
to LS amplitudes

Jype T
Ay 2 = ZZ BLs X ( A JI;" -
L s i ’

_ L __ L . .
Px = Py, P, (-1)" = (-1) Parity conservation
7 Birs
JPC all L minimal L
0+ B By
LHCb2015 0. n - B CDF 2007
1= By, Byy, By, Ba, Byy. Byy. By,
1™t By, Ba1, Ba Bn 3|
M 2% B, Bz, B, B B, Bz LHCb 201
anY more . 2%+ Bya, Bag, Ba1, Baa, Bia| | Bpz
amplitudes to fit 3=+ By, Bay. Bsy. Bsy. Bey| | Bua
i:j gm.gzz.gu. guz gm-g:rz LS amplitudes to
31, Baz, Bs1, Bsa 31, B3z :
4" Bu. Bu.Bu.Bu. Bl Bn be determined

from the data
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JPC
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m State is only 17* with
mainly S-wave decay

Figure 3: Distributions of the test statistic ¢

Results
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= RE[(X—yy)T(X—Jly)

‘ = Rules out
molecular
interpretation

s Consistent with
cc state where
the presence of
the threshold has
lowered the mass
& width

o-BaBar 2009 pp| 102 (2009) 132001

Belle 2011 pRL 107 (2011) 091803

il prediction for pure DD* model

LHCb NP B886, (2014) 665

predictions for pure cc state

predictions for admixture of cc and DD*
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Z (4430), M=4479 MeV

‘ m BO—>\|1 wK*, peak in m(J/yr), charged
charmonium state must be exotic, not qq

o First observed by Belle M=4433+5 MeV, I'=45 MeV
o Debunked by Babar: explanation in terms of K*'s

o Belle reanalysis using full amplitude fit:
M= 4485+22"%" MeV, '=200 MeV, 1* preferred but 0-
& 1- not excluded [arXiv:1306. 4894]

1800

s LHCDb analysis also uses =«

1400

full amplitude fit S 10

£ 1000
@)

—_ + 715 800
a0 M= 447572 MeV o0
o I'=172 MeV [arXiv:1404.1903]

400
sideba
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Is it a resonance?

" -LHCb produces Argand plot 2} LHCb dataj Low _:

Z mass
that shows a clear & large o LA :
change in phase - Breit-Wigner

02F predlctlong -
= Problem with quoted mass
In the default fit, we follow the [ i
approach of Belle that uses a running mass M [ 4 mass
in the (pr/Mpg)"* term, where My is the invariant mass ¢ .~ ;0 0s 7
of two daughters of the R resonance; pg 1s the daughter’s Re A”

momentum in the rest frame of R and L, 1s the orbital angular
momentum of the decay. The more conventional formulation < From LHCb paper
PDG is to use pff (equivalent to a fixed M p mass). This

changes the Z] parameters via the K™ terms in the amplitude
model: M ;- varies by —22 MeV, I',- by +29 MeV,
Believe now that old formula is wrong: m,=4456 MeV, Belle —

LHCDb average
FPCP Nagoya, May 2015
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. Other Explanations

‘ = Molecule 2(4430)7 . w(2S)
L. Ma et.al, [arXiv:1404.3450] B : N
T. Barnes et.al, [arXiv:1409.6651

—_———

- D(2S)=D(2600 K-
= Same scattering phase (25)=D(2600)
as Breit-Wigner o (25)
= Rescattering: BO - -
P. Pakhov & T. Uglov D¢ (2S ‘.

[arXiv:1408:5295]

- OppOSite phase ! K Phase in the
o \ " 9 rescattering
= Ruledoutby LHCb gz _ * /' mow
c
o

B Phase of P
L Breit-Wigner ,;‘
Argand diagram b Campice  ag e
2 ,, R
SR NN
1?1 — 1|6 IIQ ‘>|0 I _l_ I
FPCP Nagoya, May 2015 M) (Gev?)
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B B+—>J/\|1¢K+ peaks

4143+3+1 MeV 56 CDF 6/ob
P

+
P=15E10 MV siv:1101.6058
4274+8+2 MeV

-n X(4140)
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1 seen bv CD
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> 8k LHCDb 0.37 b - arXiv:1202.5087
2 published
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8 i i
T
T ”
g Waiting for
© .
0 full amplitude
O Analysis!
1000 1100 1200 1300 1400
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> 300 T T — )
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o B0 208424 MeV ~  semssms Three-body PS (global fit)-
S - . +1c uncertainty band ]
—~ 200 - . — — Event-mixing (J/y, ¢, K") 7
b N Y 1 | s — Event-mixing (J/y, 6 K*) -
Z F + s 1D fit JarXiv:1309.6920
1003— + + ++ _E
503 ’;)+ ............ ”‘E}‘ -F ..... T _.:
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Conclusions

m I\/Iany new effects seen in data by all heavy
flavor experiments that are exotic meson
candidates

m Different interpretations offered. Some
involve threshold “cusps” that produce effects
in the f,(980) & X(3872), though both of these

are likely to be qq states
m The Z*(4430) appears to be a viable exotic

= We look forward to establishing the structure
of many other states

FPCP Nagoya, May 2015
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The End
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