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INTRODUCTION: “EXOTIC”

Standard Hadrons Exotic Hadrons
Meson Baryon

Tetra- and Penta-quarks conceived at the birth of the quark model

Volume &, number 3 PHYSICS LETTERS 1 February 1964

8419/TH,. 412
A SCHEMATIC MODEL OF BARYONS AND MESONS * 21 .February 196&

M. GELL-MANN AN SU, MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING
California Institute of Technology, Pasadena, California 3 )

*

Received 4 January 1964 i1 . ‘e)

A simpler and more elegant scheme can be G. Zweig
constructed if we allow non-integral values for the CERNw~-Geneva
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following *)
properties: spin 3, z = -3, and baryon number 1%

Version I is CERN preprint 8182/TH,401, Jan. 17, 1964.

We then refer to the members u3, d-3, and s~3 of

"quarks" 6
the trlplet as ’q ks" 6) q and the members of the 6) In general, we would expect that Jaryons are built not only from the product

as anti-quarks . Baryons can now be - — -
constructed frony quarks by using the combinations of three aces, AAA, but also from AAAAA, AAAAAMA, etc,, where v A

(qqq) (qqqqq) etc., while mesons are made out denotes an anti-ace, Similarly, mesons could be formed from AA, AAAA

etc. It is assuming that the lowest etce For the low mass mesons and baryons we will assumé the simplest
igurdtion (qqq) gives just the represen-

tatlons l 8 and 10 that have been observed, while

possibilities, AA and AMA, that is, "deuces and treys",
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HOW TO DO SPECTROSCOPY?

“Inclusive Analysis”

(e.g. ete- > D**(>Dn) + X or pp 2 B **(2>BK) + X)

K_
A@D" «/; :

Lp\/:tN\’

é Large cross sections

» Large combinatorial background =

» Resonances appear as bumps

» Hard to disentangle broad structures

> Difficult to assess spin due to the *-¢
unknown initial polarization

Q Presence of “reﬂections”/“feed-downy

K+

II

p
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HOW TO DO SPECTROSCOPY?

“Inclusive Analysis”
(e.g. ete- > D**(>Dn) + X or pp 2 B **(2>BK) + X)

K_
A@D" «/; :

\/\ I
P % > <& p
ﬁ\/\/\ K+
D*_;(2400)* ?7?? aw

: - - T - D*_(2573)F  LHCb ]
é Large cross sections & \ 2 ‘D/( ) (b) :
[} -
» Large combinatorial background = ; - D*_(2700)" ]
- e sl E
> Resonancgs appear as bumps é 100~ = - o % (2860)" 1
» Hard to disentangle broad structures 3 " ]
> Difficult to assess spin due to the "¢ 5 T E

unknown initial polarization ‘ o
Q Presence of “reﬂections”/“feed-downy 28

m(DOK*) pevic?
[LHCD: JHEP 10 (2012) 151]
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HOW TO DO SPECTROSCOPY?

“Inclusive Analysis”
(e.g. ete- > D**(>Dn) + X or pp 2 B **(2>BK) + X)

/ K-
S
p \ﬁ\*/“;;?\) - p

D,,(2536)
Lp p*0 K+
Ly DO /0
/ , - \ D " LHCb

» Large cross sections =& § (b) :
150 R

» Large combinatorial background = ; :
» Resonances appear as bumps E 100 -
» Hard to disentangle broad structures L o, ]
> Difficult to assess spin due to the *-¢ § N ....._.\\;
unknown 1initial polarization : o

Q Presence of “reﬂections”/“feed-downy 2'goK+ m(DOK:) eVic]

[LHCD: JHEP 10 (2012) 151]
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HOw TO DO SPECTROSCOPY?(1II)

“Exclusive Analyses”

(e.g. B >D**(>Dm)n or B,>B_**(>BK)m) / K-
7z +

-, —> I

7

NN B D°
P % seesZ" % K*
AN

= — D*_(2573)"
ﬁ Limited statistics ‘= \ o — ~ 400 . ‘/52 .
= 2500 F 4 2 E
- =k . LHCb { > 3s0p LHCb
» Small background ‘= 2 2000f o 12 wf
> Resonance characterized by PI T | comrtoratvis. 1 B ok D*_,(2860)
. . « o_)_n T ] < E
amplitude (1.e. bump) AND phase | Zwwd [} o o S o
5 o AN 5 :_ 8" 50" _E O 100;_
(1.e. interference) = O 2% {1 sf
. o S P I vt S ok
» Suitable to study broad resonances s$hoo ™~ 5400 _ - e
. . o — eV/C
> Spin-parity assignment by 743, m(D K~ nt)

k amplitude analysis -

[LHCb: PRL 113 (2014) 162001, PRD 90 (2014) 072003 ] |
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3-BODY DECAY WITH SPINLESS DAUGHTERS

Py My
, 11
P,.M CX: Pa: M 3 four-vectors 12

P3, 113 4-momentum 4
conservation
3 masses -3
1 1 3 Euler angles
_ 2 2 2
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DALITZ PLOT

1 1
dl' =

(2m)3 32M3

‘M |2dm%2dm§3

usually called Dalitz plot

[ The scatter plot m,,” vs m,,” is ]

|IM|? = Const = Dalitz uniformly populated
Nonuniformity = Information on | M

= 00,0

pp — TTT

m*(n°n®) / GeV*
W™

N

2 3
m*(n°r®) / GeV*

19/02/16, J-PARC, Japan

m2(xn°) (GeV/c?)?

J/ — ata '

0 8
m%(x'n®)  (GeV/c?)?

M. Pappagallo

“I visualize geometry better than numabers.
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KINEMATICAL REFLECTIONS/SHADOWS

[ (e.g.) D.+> K*Kn* ]

R or L _
L KK K
LI BLLILIL | I T T T T T T
$(1626) : :
o :;U 20000‘ 7 :Q ]
o - s
g S 15000 - S
g g8 299 g8
S g ; 207 S ]
2 Z 10000 |- ] £
o L C g
2 3 g _ 3 b
5000 |- / \ .
OZ.JW..M.: Y I I L
1 15 2 25 3 35 0.5 1 1.5 2
m (K" (GeVZ/ct) m*(K'K) (GeV/ch) m (K*") (GeVZ/ch)

[BaBar, Phys.Rev. D83 (2011) 052001]
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KINEMATICAL REFLECTIONS/SHADOWS

[ (e.g.) D> KK+ ]

reflection;

- - 2 B
b (102 5 |
reflecti 2% 15]
r = f
L &'
Real s "3? '
K*(892)
- 205
gll ””1'.5”“;“'2.5 3 35
“ mX(K*K') (GeV*/cY)
,2I-A3D TO0/SIAAD e RARRNESEEERSEES REEEy
Re%i‘iOO)E ;
b (1030 :
3 f K*(892) ;
g 1P00F reflections
2 10000 |- / \ .
* ot —f
0 :.J }\m L .m.

1 15 2 25
m (K'K) (GeV/c?)
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P Confirmation of the Z(4430)* > W(2S)a* state
(Amplitude analysis of B? 2> P(2S) K- 1t)
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THE B>V (25) K T DECAY

3-body decay with a vector

state as a daughter 3 four-vectors 12
py. m 4-moment.um 4

conservation

P, M Dy, m,
3 masses -3
P2, M

33 3 Euler angles -3
Vector helicity 2
x TOT 4

~

N
=)

©

The “Dalitz” plot is itself a
projection of a 4-D space

M) (GeV)

6 |-

m? (Y (287~

[ Any Reflection? ]
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A BIT OF HISTORY: Z(4430)*

(® Observed in the ¥ (28)7t in BOH) — 4)(28)7+t K~ decays by Belle

, , [Belle, PRL100, 142001 (2008)]
® Clear signature of exotic:

Decay to charmonium — cc¢ pair content
Electric charged — at least 2 more light quarks Nyyqrks >= 4!
\_ Tetraquark, D* D, molecule?

VETOED

N
o

N
o
T

©
T

1-D fit of Y(2S) i
mass spectrum!

b 8
m n ';?o

Events/0.01 GeV

M) (GeV)

>

" 1 1 " 1 I
[ 0.5 1 1.5 2 25 3

W(Kr) (GeV?) 3.8 4.05

4.3
M(z'y') (GeV)
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I
A BIT OF HISTORY: Z(4430)*

ﬁ@ Observed in the ¥(28)7% in B — 4(28)7+ K~ decays by Belle

® Clear signature of exotic: [Belle, PRL100, 142001 (2008)]
Decay to charmonium — cc¢ pair content

Electric charged — at least 2 more light quarks Nyyqrks >= 4!
Tetraquark, D* D1 molecule?

\@ Z(4430)" not confirmed (nor excluded) by BaBar [BaBar, PRD 79, 112001 (2009)]

N
o

[, saaa Flat cos®
w(2S )ﬂe(momems
| === J/yrK moments

N
o
T

©
T

b 8
) y
Bft , °.:

Events/0.01 GeV

M) (GeV)

6 |-

Ry v v
My 25)x (GeV/c?)
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A BIT OF HISTORY: Z(4430)*

. . [Belle, PRL100, 142001 (2008)]
® Clear signature of exotic:

Decay to charmonium — cc pair content

Electric charged — at least 2 more light quarks Ngyqrks >= 4!
Tetraquark, D*D; molecule?

® Z(4430)" not confirmed (nor excluded) by BaBar [BaBar, PRD 79, 112001 (2009)]
® Later 2D "Dalitz” technique: M?(¢(2S)n") vs M?(K~n") [Belle, PRD 80, 031104 (R) (2009)]
QBelle: full 4D amplitude analysis. J¥ = 17 favoured but J¥ = 0~ not excluded

wew Flatcosd,
W(ZS)ﬂe(momems
| === J/yrK moments

©

Events/0.01 GeV

M) (GeV?)

B e s m v v —
My 25)x (GeV/c?)
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" 1 " 1 1 L
0 0.5 1 1.5 2 25 3
W(Kr) (GeV?) 3.8 4.05

4.3
M(r'y) (GeV)

ﬁObserved in the ¥(28)7t in B — (29)nt K ~(©) decays by Belle \\

[Belle, PRD 88 (2013) 074026]//
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SEARCH FOR Z(4430)* AT LHCb

e

[LHCb: PRL 112, 222002 (2014)]

e ~N
> 25k B> ¢ (2S)K* ' candidates in 3.0 fb! (x10 Belle/BaBar)
» Small combinatorial background
» Sidebands used to build 4D model of the combinatorial background
\_ W,
K*(89§22 Kr*(1430)°
S 1800 4% combinatorialq 2 ,,f s 107
= 1600 background in §. | = - - |
Z 1400 signal region ]2 | - g -
= /lizo e L e s e s st T I
;g 1200 N _ - . 10
£ 1000 . a9 1 - =l
&) Y 1S mass = “m " .- - | =
800 constrained Né 18 Ll = - EII."
600 _ 817 i - = A e
400 signal y 1 1
. sideband "
range ;
20 A St ™ LHCh_
5250 5300 0.5 1 15 2 X G \%.S
m($25)K T | moxs MeV] m2(K ) )
19/02/16, J-PARC, Japan M. Pappagallo 17
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............................

INDEPENDENT VARIABLES 4. proos. Hzﬁ

Amplitude Analysis

dl’

{ o = (m%{wmiw,cosé’qp,(ﬁ) = = o |[M(D)|? ]

dd

Model Independent Analysis

= dP = - —
[CD = (m%,,co8 O, cos Oy, ) = = X \M(@)Pp(@)q(@)}

19/02/16, J-PARC, Japan M. Pappagallo
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I MODEL INDEPENDENT APPROACH %
(i.e. A LA BABAR)

LHCb: PRD92, 112009 (2015)

Can the reflections of the structures in m(Km) and cos 3
reproduce the m(%¥ ) distribution?

If no exotics in YK and P11 = Partial wave expansion in a given bin of m?(Ki)

Legendre Polynomlals

[M(HK*) — Swave PO—I' 7chwe Pl"‘ D’wave P2+ Fwave P3+ gwave 4+
N—— N—— N—— N—— N——

J(K*)=0 J(K*)=1 J(K*)=2 J(K*)=3 J(K*)=4

!

[ ’M(@K*) 2 = <P0>P0 + <P1>P1 + <P2>P2 + <P3>P3 + <P4>P4 + <P5>P5 + <P6>P6 SR
Niata 1
where the moments <Py > determined from data: (Py Z ~ Pn(cos 0%.)

=1 €

19/02/16, J-PARC, Japan M. Pappagallo 19



I MODEL INDEPENDENT APPROACH %
(i° e’ A LA BA'BAR) LHCb: PRD92, 112009 (2015)

[ (e.g.) If only K* resonances up to J = 2 ]

[M(QK*> — S'wa/ve PO + 7D'wa,ve Pl + Dwave P2 + -Fwa e P3 + gwa P4 %
J(K*)=0 J(K*)=1 J(K*) 2 J( *)=3 J(K) 4

[|M(9K*) <P0>P0 + (P1)Py + (P2) Py + (P3) Py + (Py) Py + /P5 + //éj —|-/]
Sum of the terms up to Py, Where N . = 2*J(K¥),
has to describe the data projections
(" There are K* resonances with J > 2 )
Should it not happen == Sor
There are exotic(s) which make the
\ high order terms non-zero! )

19/02/16, J-PARC, Japan M. Pappagallo 20



| S
THE K* FAMILY

LHCb: PRD92, 112009 (2015)

/ Resonance Mass (MeV/c?) T (MeV/c?) JF \

K*(892)" 895.81 & 0.19 474406 1™
K*(1410)° 1414 4+ 15 232 £ 21 1-
K (1430)° 1425 + 50 270 £80 0T
K3(1430)°  1432.4+1.3 109+ 5 2T
BY — ¢(2S)K 7~ phase space limit (1593 MeV)
K*(1680)" 1717 + 27 322 +£110 1™
K3 (1780)° 1776 + 7 159 4+ 21 3~

\ K%(2045)° 2045 + 9 198 +£30 4% /

Unlikely a contribution from K* resonances with J > 3

19/02/16, J-PARC, Japan M. Pappagallo 21



rRESULTS OF THE MODEL
INDEPENDENT ANALYSIS LHCb: PRD92, 112009 (2015)

Allows for K* states up Allows for a tail of Allows 1implausible
to K*,(1430) K*,(1780) K* contributions

N F 7 << F T ] & L T T T T
% 14000 F - % 14000 =1 HCbh +++ . - %14000 - LHCb -
= C = C 77 Nere ] r ]
q 120001 E G 12000 e j,v""/,' o, PTEY 512000 = e A { s
= 10000 f = = 10000 - S/ fd&ta - S0000F T ‘.\F'dcta =
e o . e oA : 1 ° - , : 1
= 8000 3 > 000/, 4. * ! Imag = > 8000 |- £ , * 30 =
[ K\ e 'y . LT % 4 ¥+ .
6000 [~ . i 6000 _~ + — 6000 [~ ' 1 .
EL o ¥ * _ o :,“ * _ 1]
4000 F- - 4000 [ ¢ = : ao00F = (-
= H K Jmax A1 B K Jmax 15
2000 [ a 2000 H¢ — 2000 F — @
TNmﬂx A 1. qu 30. A
0 s ; 06~ 0
3800 400 4200 4400 4600 4800 3800 4000 4200 4400 4600 4800 3300 4000 4200 4400 4600 4800
M, 06, [MeV/c’] M, 05, [MeV/c’] m,, ), [MeV/c’]
Clear discrepancy at It may look OK but... No discrepancy as
~4430 MeV 1 expected

The yellow bands related to the uncertainty on normalized
moments (due to the statistical uncertainty from the data)

19/02/16, J-PARC, Japan M. Pappagallo 22



FQUANTITATIVE RESULTS FROM %
MODEL INDEPENDENT APPROACH

LHCb: PRD92, 112009 (2015)

N\

{ Test significance of implausible N, , < N < 30 moments using the log-likelihood ratio:

J

E 'iF max mi /7'('
Nimax :—210gr2 Nona L )

L30 [T; Fao(mi, )

A(—2NLL) = —2log

{Statistical simulations of pseudo-experiments generated from the N <N, . hypotheses

/ Explanation of the data\
with plausible K*
] contributions is ruled at
=3 high significance without
: assuming anything about
K* resonance shapes or
. R T \their interference patterny

IZOOOI B I :500I . I500 1000 1500
2ANLL 2ANLL

10E

Number of pseudo-experiments
Number of pseudo-experiments

101

—_

0'E

19/02/16, J-PARC, Japan M. Pappagallo 23
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THE ISOBAR MODEL

Isobar model: total decay amplitude as a coherent sum of
processes where one daughter 1s spectator

NR 1 {13}

1 1
— 2+ N — <
3 S 2 3 i
Three-body amplitude for B> p(2S) K n
Sum over all K* resonances 7(4430) component
\
\* 2 )

|M((I))|2 = Z Z ZAA,pAA (M, ) + Z AAZAA (mwmQZ>eiA>\“a

Ar,=1,-1|Ay=—1,0,1 K* —-1,0,1 /
/ ’

Defined unless a Rotation by & due to
phase and a constant different helicity frame

19/02/16, J-PARC, Japan M. Pappagallo 24
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HOW TO MODEL A SINGLE TERM

* * * J(K™ %
[Aip,AAM (mKﬂ-, Q) :; ifp AK (mKﬂ')d)\fb’O )(QK*) X € Aw¢d%\¢,A>\u (Hw)J

/

Free parameters

+ ] 1
m,, [, (in case of a new state) AR (m K7r) — —5 5 :
mg — mi... — tmelg

Relativistic Breit-Wigner

Sl x ' T R L B B = [
S g3 E 1
810* %) L - r
5 | s 0.8 O=TI
S 8- ‘
S 8 i
(0] L L
= 1 0.6 m
s 6 ,
s 0.4
4 i
i 0.2
2 i
i ok d Di i
o 1 g1 T 1) S R A S I R Aﬁgarplﬂgram
08 1 1z 14 16 18 08 1 {p 14 16 18 06 04 02 0 02 04 06
0 m [GeV/c?] 0 m [GeV/c?] Re(T)
19/02/16, J-PARC, Japan M. Pappagallo 25
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RESULTS OF A FIT WITHOUT Z(4430)*

[LHCb: PRL 112, 222002 (2014)]

N\

[ Can the reflections of K* resonances describe the m(% ) distribution?

%1000
(0]
(D '
N -@- data
o .
Z —=— total fit
§ .
<
g 500 K'(892)
g ——K S-wave
@) —e— background
K (1410)
K (1680)
K,(1430)

[The data cannot be adequately described only using J < 3 K* contributions.]
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F4D AMPLITUDE FIT AND
CONFIRMATION OF Z(4430)*

[LHCb: PRL 112, 222002 (2014)]

-@- data te I . . . +
N> 1 OOd_ e totalfit -~ totalfitwith no Z(443) @ : \‘LHCb . Rejection level relative to 1
3 " T [ h 1 | Disfavored J* | LHCb Belle
b —— ¥ ‘ —
o~ 2(4430) 0- 9.70 3.40
o' " — K_ S-wave A
K2(1430) _
~ | iccrouna | 1 15.80 3.70
i (100%) 2+ 16.1 5.1
8 SOOI— K (1410) — o ©
§ i i 2- 14 60 476
g ~ JP = 1+ N —
OO OO -8 MaSS (MeV) 4475 :|:7+15_25 4485:|:22+28_11

m2. [2(2}eV2] Width (MeV) 1724137, 200 *41,+26
y'n

6 18 20
m? () (25)7 )

» Large interference between Z(4430) and K* resonances
» Very good agreement between LHCb/Belle results
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' PROBING THE RESONANT %
CHARACTER OF Z(4430)*

[LHCb: PRL 112, 222002 (2014)]

Nominal fit

d [rad]

10

do/dm [rad/0.011GeV/c?]
(o]

m,, [, + complex constant

[ 4 free parameters: ]

| | N L
08 1 12 14 16 18 08 1 12 14 16 18
m [GeV/c]] m [GeV/c]]

Alternative fit
Replace BW amplitude with 6 independent complex numbers in 6
bins of m(¥ (2S)m) in region m [, where m, is the mass of Z(4430)

S [rad]

10

do/dm [rad/0.011GeV/c?]
[oo]

[ 12 free parameters J

" n P i n 0 i i i n
0.8 1 1.2 14 1.6 1.8 0.8 1 1.2 14 1.6 1.8
m [GeV/c] m [GeV/c]
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RESONANT BEHAVIOR OF Z(4430)*

[LHCb: PRL 112, 222002 (2014)]

Observation of a rapid change of phase near
maximum of magnitude = resonance!

T
4277 MeV

| LHCb Data_

Tilted by an arbitrary phase
characteristic of Dalitz analysis

[P
g1

4605 MeV

BW amplitude with | -0l o1 i

7(4430) parameters -0.6 -0.4 0.2 0 02
from nominal fit Argand diagram ReA”
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r()bservation of two pentaquarks P_.* 2> J/P p
(Amplitude analysis of Ay 2 J/P p K-)
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' PENTAQUARK:
THE RETURN OF THE LIVING DEAD

After 50 years no undisputed experimental
evidence have been found for pentaquarks

. N

» Most famous candidates:
v 0t—K%, K'n, m=1.54 GeV, [ ~10 MeV
v’ Resonance in D*p at 3.1 GeV, [ =12 MeV
- — =1, m=1.862 GeV, [ <18 MeV
» In general they were observed in “bump”

searches

\_ %

K.H. Hicks, “On the conundrum of the pentaquark”, Eur.Phys.J. H37 (2012) 1
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’ TR
FIRST OBSERVATION OF A,y 2J/VY K p

[LHCb: PRL 111 (2013) 102003]

Why did LHCb arrive first? The decay was not observed before!
4 N )
v J/P 2> Large trigger efficiency
v 4 Tracks - Large detection efficiency
\\/ Large A, production

J

LHCb: JHEP 08(2014)143
LHCb: Chin. Phys. C40, (2016) 011001

"

u-JAp S osf

e ok

%Ab é-

p % t’é; p- K -
ﬁ\/\/,\\ p g

19/02/16, J-PARC, Japan M. Pappagallo 32
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FIRST OBSERVATION OF A,y 2J/VY K p

[LHCb: PRL 111 (2013) 102003]

» Why did LHCb arrive first? The decay was not observed before!
» Measurement of the A, lifetime with L=1 fb-!

6000 ——r——7—
5000 |

4000 [~

3000 |

[ T=1.482 £ 0.018 + 0.012 ps ]

-
— — — S— — — — — —

2000 -

Candidates / (5 MeV)

1000 |-

: "____‘l,____i__ .
PR [P r Nty | - - L N M |

5500 5600 5700 5800
m(J/ypK) [MeV]

Small contaminations of B.2>J/WK'K* & B> J/WKm *
where p €2>Korp <>

19/02/16, J-PARC, Japan M. Pappagallo 33




FTOBSERVATION OF A NARROW BAND IN
THE Ab DALITZ PLANE [LHCb: PRL 115, 07201 (2015)]

Selection updated with the full Run I dataset (3fb!)
26k A’ candidates. Background ~ 5.4%

%
faml — A ( l 52x0) T T T T
% 7000: N> o : | | | ]
= F n o 26
< C LHCb 4 —= data 0] -
= 6000~ — total fit = i
A - 0 24 |
€ C — signal % L
®s000F [} background oS
Ll - l
22—
4000f- -
1 -
3000:— Ag signal range 20 B
2000F 181
10001~ sideband sideband 16 ;
C - L L ' L ....; ..... L N | L
5500 5600 5700

my, ok [MeV]

19/02/16, J-PARC, Japan M. Pappagallo 34



rOBSERVATION OF A NARROW BAND IN
THE A,, DALITZ PLANE

Selection updated with the full Run I dataset (3fb!)

26k A’ candidates. Background ~ 5.4%

1000~

LHCb

sideband

-= data

— total fit
— signal
----- background

0 ..
A, signal range

sideband

(1520)

[GeV?]

2

Jyp
N
N

| i’
5500

500
mJ/WpK[MeV]

m2, [GeV?]

[LHCb: PRL 115, 07201 (2015

/> Efficiency flat over the “Dalitz” plot
» Cross checks:
v Veto B,2J/WKK & B> J/WKm after swapping the mass hypothesis
of the A, daughters: p €2>Korp €2 n
v Clone and ghost tracks carefully removed
\_ v Not a partially reconstructed =, decay

~

,/

19/02/16, J-PARC, Japan

M. Pappagallo
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I

UNEXPECTED NARROW PEAK IN m(J/V¥Y p)

[LHCb: PRL 115, 07201 (2015)]

*
/\ (1520) @ C}J/ll) u}K_
< 3000 b% % ( u
O] - 4 E g} PC
S 2500F 4 (@ LHCb _’\\ o
N - 5
2 2
GCJ 2000 qcJ 600
|_|>_| —=— data |_|>J
1500
— phase space 400
1000~
C 2
500 |- 00 — phase space
PR T TN [N T T TN N TN TN TN AN T TR T T T S 1 FURE TR N TR T TR N TR T TN N T TN TN N TN TN T N
1.4 1.6 1.8 2.0 2.2 2.4 4.0 4.2 4.4 4.6 4.8 5.0

my, [GeV] | m,,.., [GeV]

» A lot of structures 1n m(pK-)!
» Could it be a reflection of the interfering A*’s> pK-?

A

[ Amplitude analysis ]

19/02/16, J-PARC, Japan M. Pappagallo 36



I
THE N\ >J/V K p DECAY

[GD unbinned maximum likelihood fit (my,, 0,p, 0,4+, Py, 0, d)u)]

A, rest frame

q),\* =0
W, y ¢,
--------------------------- \‘“','1___\ —— =
) rest frgne = & ’ A rest frame
YA
A,
lab frame

19/02/16, J-PARC, Japan M. Pappagallo 37




I

2 FITTERS AT WORK

[LHCb: PRL 115, 07201 (2015)]

» Implementation of 2 fitters.
» Background treated differently

/o

[ cFit (default)] [ sFit ]

(b) background
LHCb

(a) efficiency

LHCb

_
(2]

0 \2
my,? [GeVF]

19/02/16, J-PARC, Japan M. Pappagallo 38




r

N\ * DECAY MODELS %

[LHCb: PRL 115, 07201 (2015)]
[ Two models: Reduced and Extended J No high-J? high-

L = angular momentum between J/P and A* mass states, Al states,

limited L all L

State Jr My (MeV) T'g (MeV) # Reduced # Extended
A(1405) 1/2=  1405.1713  50.5 £ 2.0 3 1
A(1520) 3/2= 15195+1.0 15.64+ 1.0 5 6
A(1600) 1/2+ 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
A(1690) 3/2- 1690 60 5 6
[Ali known J A(1800) 1/2- 1800 300 4 4
A* states | A(1810) 1/2+ 1810 150 3 4
A(1820) 5/2F 1820 80 1 6
A(1830) 5/2- 1830 05 1 6
A(1890) 3/2* 1890 100 3 6
A(2100) 7/2- 2100 200 1 6
A(2110) 5/2+ 2110 200 | 6
A(2350) 9/2+ 2350 150 0 6
A(2585) 7 ~2585 200 0 6

# of fit parameters: 64 146 |

19/02/16, J-PARC, Japan M. Pappagallo 39 |
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FIT WITH A*2>pK STATES ONLY %

[LHCb: PRL 115, 07201 (2015)]

= 2200 —a— data

% 2000 t —e— total fit
o) a LHCDb background
1800 @ --=p-- A(1405)

r N
Use of extended model, so all possible known A*

amplitudes: my projection looks fine, but... )
\

19/02/16, J-PARC, Japan M. Pappagallo 40



r
FIT WITH A*2>pK STATES ONLY

[LHCb: PRL 115, 07201 (2015)]

é 800 4

O 700 (b) + LHCb

= ‘ —a— data
fé’ 600 ' +++ —e— total fit
3 +¢¢¢ ; ﬁﬁ

LTI 500 ﬁ¢ " iy '

P o R e ok dcpicich ek g ygrimicgrich AP TR
4 4.2 4.4 4.6 4.8 5

~
4 Extended A* model:

>...the fit projection can’t reproduce the peaking structure in J/P p

L »Adding non-resonant term, £*’s or extra unknown A¥’s doesn’t help )

19/02/16, J-PARC, Japan M. Pappagallo 41
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ADDING P.~2>J/¥Yp AMPLITUDES %

[LHCb: PRL 115, 07201 (2015)]

V)

e
~ oo
o S
S S

Events/(15 M
3

4 )
Extended A* model + 1 Pentaquark decaying to J/Y p

»Try all J¥ of P_* up to 7/2*

L »Best fit has J¥ =5/2*. Still not a good fit )

19/02/16, J-PARC, Japan M. Pappagallo 42
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ADDING P.~2>J/¥Yp AMPLITUDES

[LHCb: PRL 115, 07201 (2015)]

%2200 —a— data %800
= 2000 St = *
ackgroun
L(1_) 1800 ¢ (a) LHCb AN P (4450) L0 700 (b) * LHCb
= M s P +(4380) = —a— data
2 < 600
S S 'ﬂﬁ —eo— total fit
0 LT 500 m

T R e e mJ,jp GeV]
" Reduced A* model + 2 Pentaquarks decaying to J/P p R
»>ODbtain good fits even with the reduced A* model
>Best fit has J¥=(3/2-, 5/2%), also (3/2%, 5/2°) & (5/2%, 3/2°) are preferred
\_ »Adding more amplitudes doesn’t improve the fit quality Y

19/02/16, J-PARC, Japan M. Pappagallo 43 |



| THeR
FIT PROJECTIONS

[LHCb: PRL 115, 07201 (2015)]

2 | @ MosLABGeV] )y 155<my, & data A(1670)
2 | + I 4 <1.70 GeV| -@- total fit -»¢- A(1630)
5 | *#+ | : TJ'+ _ —background'*'ﬁgg?gi
5 / 8-
1) 200F +++ T } ha, . = P(4450) - 4=+ A(1820)
i ! == P,(4380)
| s, et | ' ¢ - c -7+ A(1830)
R LY - A(1405) A (1890)
A % -9-A(1520) .. A(2100)

A(1600) - A(2110)

ﬁw <2.00 GeVj LHCb [ Positive interference ]

Negative interference ]
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I
DO WE REALLY NEED 2 P_*’s? YES

[LHCb: PRL 115, 07201 (2015)]
S e e
} (d m(Kp)>2GeV | [ A
(@) Kp) Clear need for the 2 broad P_*
| LHCb | 4= | here the A*2>pK- contribution
| ' g 1s the smallest P
ST 42 Combined P,
2 [ |Hcb  — Pc(4450)
Q400 —— P(4380)
o [ 7
o F
S [
o ¢t

200
(" , ) —> 2
Evidence of an interference 100621 SR
pattern in the angular -— ...
distribution 0708 06 04 02 0 02 04 06 08 1
\_ J cos(6,)

19/02/16, J-PARC, Japan M. Pappagallo 45
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SIGNIFICANCES AND RESULTS

[LHCb: PRL 115, 07201 (2015)]

Simulations of pseudo-experiments are used to \
quote the significances:

v" Significance of P.(4450)* state is 120

v' Significance of P_(4380)* state is 90

» Main systematic uncertainty: difference between
extended and reduced fit models. Taken in account
while computing the significances

Mass (MeV) Width (MeV) | Fit fraction (%)

P_.(4380)* 4380 +£8+29 205+18+86 8.4+0.7+4.2

P_.(4450)* 4449.841.7+2.5 39 + 5+19 4.1+0.5+1.1
A(1405) 15+146
A(1520) 19+1+4

19/02/16, J-PARC, Japan M. Pappagallo 46



r
ARGARD DIAGRAMS

[LHCb: PRL 115, 07201 (2015)]

P+ amplitudes for 6 m(J/Y p) bins between +I" & -T’
around the resonance mass

Brelt 1 Wigner
Pc(4450) ngner s '

-0.05F

0.1

P,(4380)

-0.15

0.2

'0'252‘ ! : ;
o3 LHCb ;

-0.3
835 -0.3 -0.25 -0.2 -0.15 -0.1 -005 O 0.05 0.1 0.15 -0.1 -005 O 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Re A Re Af

» Good evidence for the resonant character of P .(4450)*
» The errors for P_.(4380)* are too large to be conclusive
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PENTAQUARKS ON THE MEDIA

[LHCb: PRL 115, 07201 (2015

"
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See Hawaii through 'WATCH VIDEO

the eyes of an insider.

New Video Series

“‘e{\ﬂ‘ Science & Environment
Large Hadron Collider discovers new pentaquark
particle

By Paul Rincon
Science editor, BBC News website

© 14.July 2015 Science & Environment

at LHCb

Scientists at the Large Hadron Collider have announced the discovery of a new
particle called the pentaquark.

It was first predicted to exist in the 1960s but, much like the Higgs boson particle before it,

M. Pappagallo

world
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...AND FRIENDS

Profile edit

Eur.Phys.J. C74 (2014) 10, 2981

Friends v

facebook =

M, MeV TI', MeV JPC Process (mode) Experiment (#0) Year Status

Search »

X(3872) 387T168=017 <12 17 B Kz 'z J/¥ Belle (810, 1030] (>10), BaBar [1031] (8.6) 2003 Ok
pp— (wte"Jj) . CDF [1032, 1033] (11.6), DO [1034] (5.2) 2003 Ok
pp— (mte ) .. LHCb (1035, 1036] (np) 2012 Ok

- K(zte—a0Jjy) Belle [1037) (4.3), BaBar [1038] (4.0) 2005 Ok

Z:(4020) "

B K(yJ/¥)

B — K(v¥(28))

Belle [1039] (5.5), BaBar [1040]
LHCb [1041] (> 10)

BaBar [1040] (3.6), Belle [1039] (0.2)
LHCb [1041] (4.4)

2005 Ok

2008 NC!

B K(DD*) Belle [1042) (6.4), BaBar [1043] (4.9) 2006 Ok
8839445 25412 1Y Y(4260) » & (DD*)* BES III [1044] (np) 2013 NC!
38012433 408 770 Y(4260) = (vt J/y) BES II1 [1045] (8), Belle [1046] (5.2) 2013 Ok

40229+28 79+37 77

¥ (4260, 436

T. Xiao et al. [CLEO data] [1047] (>5)
BES I11 [1048] (8.9)

2013 NC!

Z:(4025) 40263445 248495 77 Y(4260) » = (D*D* BES 111 [1049] (10) 2013 NC!
Zp(10610)7  10607.2 + 2.0 184+ 2.4 11~ T(10860) — n(xY (185, Belle [1050-1052] (>10) 2011 Ok
T(10860) — 7 (v hy(1P, Belle [1051] (16) 2011 Ok
I' t' d't T(10860) — =~ (BB*)* Belle [1053] (8) 2012 NC!
App Ica 'ons e I Z5(10630) 10652.2+ 1.5 1.5+ 2.2 11~ T(10860) — 7~ Belle (1050, 1051] (>10) 2011 Ok
T(10860) —» 7 hy Belle [1051] (16) 2011 Ok
T(10860) — 7 (B*B*)* Belle [1053] (6.8) 2012 NC!
Y(3015) 3018419 20+£5 0/2° 1) Belle [1088] (8), BaBar [1038, 1089] (19) 2004
Photos - e (wl/v) Belle (1090] (7.7), BaBar [1091] (7.6) 2009
xca(2P)  3927.2+26 24+ 2t ete mete (DD) Belle (1092] (5.3), BaBar [1093] (5.8) 2005
X(3040) 394273 7+ etem = JfY(DD*) Belle [1086, 1087] (6) 2005
n Groups Y(4008) 3891+42  255+42 1 ete” = (xTx JfY) Belle [1046, 1094] (7.4) 2007
V(4040) 4039 +1 80+10 17— etem = (D(D)(x)) PDG [1] 1978
ete” = (/) Belle [1093] (6.0) 2013
Z(4050)* 7 B 5 K (w7t xel) Belle [1096] (5.0), BaBar [1097] (1.1) 2008
Events Y (4140) 7t BT o KT (edjv) CDF [1098] (5.0), Belle [1099] (1.9), 2009
LHCb [1100] (1.4), CMS [1101] (>35)
DO [1102] (3.1)
rﬂarketplace W(4160) 41533 10348 1 ete™ = (D)D) PDG [1] 1978
etem = (nJ/v) Belle [1093] (6.5) 2013
X (4160) 13T 1% 7t eter o Jfw(D°DY) Belle [1087] (5.5) 2007
o= Z(4200)~ 1= BY 5 K- (7 Jjv) Belle [1103] (7.2) 2014
Ilee Z(4250)" 4248713 27 BY 5 K (77 xe) Belle [1096] (5.0), BaBar [1097] (2.0) 2008
(4260) 4250+ 9 1= etem o (mwdfy) BaBar (1104, 1105] (8), CLEO [1106, 1107] (11) 2005
Belle [1046, 1094] (15), BES III [1045] (np)
ete” = (fo(980)J/) BaBar [1105] (np), Belle [1046] (np) 2012 Ok
ete™ = (x~ 00) %) BES 111 [1043] (8), Belle [1046] (5.2) 2013 Ok
ete” = (v X(3872)) BES III [1108] (5.3) 2013 NC!
Y(4274) 4203 +20 5£16 7Y BT o KT (eJ/v) CDF [1098] (3.1), LHCb [1100] (1.0), 2011 NC!
CMS [1101] (>3), DO [1102] (np)
ete™ = eTe (8J/9) Belle [1109] (3.2) 2009 NC!
ete” = (xTrY(2S)) Belle [1110] (8), BaBar [1111] (np) 2007 Ok
BY o K—(x+v(25)) Belle (1112, 1113] (6.4), BaBar [1114] (24) 2007 Ok
LHCb [1113] (13.9)
B o K—(x+J/¥) Belle [1103] (4.0) 2014 NC!
X(4630) 463179, 1 ete” — (ATAD) Belle [1116] (8.2) 2007 NC!
Y(4660) 4665+ 10 1==  etem o (xTwy(25)) Belle [1110] (5.8), BaBar [1111] (5) 2007 Ok
T(10860) 10876 = 11 1™ ete” o (uf;jﬂf" PDG [1] 1985 Ok
ete™ —» (7rY(15,28,35)) Belle [1051, 1052, 1117] (>10) 2007 Ok
e = (fo(980)Y(15)) Belle [1051, 1052] (>5) 2011 Ok
ete~ = (72,(10610,10650)) Belle (1051, 1052] (>10) 2011 Ok
ete” = (nY(18,25)) Belle [986] (10) 2012 Ok
ete™ = (rTw~Y(1D)) Belle [986] (9) 2012 Ok
Y5(10888) 10888.4 £ 3.0 30.7 1 ete” = (77~ T(nS)) Belle [1118] (2.3) 2008 NC!
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r
MODELS FOR TETRA- AND PENTA-QUARKS

6‘p1ain99

diquark triquark

model

hydro-charmonium
model

molecular
model

19/02/16, J-PARC, Japan M. Pappagallo 50




r
7.(4430)"

Molecular model

( —
> Positive parity rules out interpretation in terms of D*(2010)D,(2420)

molecule or threshold effect (cusp) Rosner, PRD76(2007)114002][Bugg, J.Phys.G35(2008)075005]

\. J
4 )

> DD*(2 S) mO].eCllle? [T. Barnes, F. E. Close, E. S. Swanson, Phys. Rev. D 91, 014004 (2015)]

. J
: P(2)
Rescattering Effect D*+
P. Pakhlov, T. Uglov Phys. Lett. B748 (2015) 183 BO 0 m
. D (2S)
Phase in the K-
rescattering
~ model — , 20
?: B 7 a) N< ] .é- -
- i c I Phase runs
2 L . .
I i 1 Epl 1In opposite
<L Phase of 0 ¥ -
5 0 Beoi st direction
Z reit-Wigner 1 0
C amplitude : 2 =0
- I | L1 O | L1 [EAN B ) T S -10
14 16 18 20 22 i -0.6 -0.4 -0.2 0 02 210 0 10 20
M (y'r) (GeV?) Re A” Re(A,). arbitrary units
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r
PENTAQUARK P_*

/> Tightly bound
v’ Jaffe, PRD15(1977) 267
v' Strottman, PRD20(1979) 748
v' Maiani et al. PRD71(2005)014028
» Molecular model with meson exchange for
binding
v' Tornqvist, Z.Phys.C61(1994) 525
» Others (postdictions):

\

k v' Rescattering, "Cusps"

/

A narrow pentaquark state challenges many models

Xel J\/'\"‘D\
(a)
PRD 92 (2015) 7, 071502

19/02/16, J-PARC, Japan

M. Pappagallo

-0.3 -0.2 -0.1
Re A’

I
0.0 0.1
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| THeR
SUMMARY & PROSPECT

/> Confirmation of Z(4430)* N
> JP =1
» Resonance character shown
» Molecule or tetraquark?[Maiani et al, PRD 89, 114010 (2015)]

» Observation of two Pentaquarks P,*

> More data required to determine J¥
\ » Resonance character shown /

/ What’s next? \

> Search for new decay modes or in different system: (e.g.) A, 2J/WY p o
» Search for the 1sospin partners .
» Search for other (distinctive) states: (e.g.) ccdu or triple charged

pentaquarks
C Confirmation of many charmonium-like states
19/02/16, J-PARC, Japan M. Pappagallo 53
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Back-up slides

19/02/16, J-PARC, Japan
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I'FEED-DOWNS OF D,/D,*2>D*n DECAYS

INTO D MASS SPECTRUM

(

Inclusive analysis
pp 2> DO*m +X

[LHCb: JHEP 09 (2013) 145]

-

J,=3/2 doublet

» 3 peaksin Dxn

v D,*>Dn

> 2 peaksin D*n
\ p

v’ D; >D*zn feed-down
v' D,*>D*r feed-down

-
-
P 4

~ T T 7 <
L Mo 7L g
5, C 2
< 30000 B . 2 7]
& S _
20000 - ;o R
kol . Ny

/

10000} !
0 [ | " M N 1 " " N ] N M N | " N
2200 2400 2600 2800

M(D*ﬂ:) lD ™) [MeV)
19/02/16, J- apan

~
je JY  Allowed decay mode
J Dr D*m
™\ D 1/2 07  yes no
D/1 1/2 1+ no yeS
Dy 3/2 1t no yes
* -
ovprlapped if D; 3/2 2 yes yes
I >m(D*)-m(D)
D,(2420)° /D,"(2460)° feed-down
- Ly D** o~
—’—j “~§~ L>D+y7’1{0
S
. T
G- @ 2 \‘, %
S /\ % D, (2460)" |
ge0000- ¢ \ .
g I \// :
840000 - ! .
20000 - ~
n 000 200 200 260 200
(D" ) [GeVics M (DTC) P(DJ{R-) [MeV]
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r
SECOND EXOTIC Z*? %

[PRL 112, 222002 (2014)]
Fit confidence level increases with a second exotic (J P=O'?
component, but...
> No evidence for Z, in model independent approach.
» Argand diagram for Z, is inconclusive.
\> Need larger samples to characterize this state. y

T T T T T T T T T T T T T T T T

[ LHCb
200-1.0<mi. <1.8 GeV?

1

e R
Mgz, = 4239 + 18712 MeV

Iz, = 220 &+ 477X MeV
9 fZO = (1.6 +0.555)%

L L

L 1 1 l

JP =1*
(] 7(4430)
Z(4240) e

¢

Candidates / (0.2 GeV?)

[Mass and width consistent with other Z@
observed by Belle:

» 77 > X T (JP#0°)[PRD 78 (2008) 072004] ol >
\> 727 2> J/PTT [arXiv: 1408.6457] ) D@0 ) m2, [GeV?]

L 1 1 I

16 18 20
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