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« Many different exotic charmonium S. Olsen 1403.1254

“like” states has been seen so far S L 2)
K 1
« Various explanations are possibile ~ **[ Xeol3Po)
« Excellent tetraquark candidates! [21(2050)- |

MASS [GeVic?]

13p
@@

« Tetraquarks (and pentaquarks) 4T —
have been widely searched in light | established o states
quark systems — R
« Difficult from experimental and Y -

theoretical point of view R EETESY

« Systems with heavy quarks: better 0— 11— 1= 0= 1=  om
signature and more “reliable” JFc
theoretical predictions Pentaquark candidates P_(4380)

and P (4450) observed by LHCb
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Outline

Pentaquark candidates in A, — J/y p K

 Amplitude analysis PRL 115 (2015) 072001
 Moment analysis arXiv:1604.05708 (submitted to PRL)

Confirmation of the resonant nature of the Z(4430)-

 Amplitude analysis PRL 112 (2014) 222002
« Moment analysis PRD 92 (2015) 112009

Confirmation of X(3872) quantum numbers
« JPC=1**PRD 92 (2015) 011102
Tetraquark searches in Bt

« LHCb-CONF-2016-004
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Tracking system

RICH 1 &2 . N
(K — K) ~ 95% P/p IO . o(bb)7—Tev ~ 290ub

m— K m|S'|d ~5 /O SPIVPS M3 M4 )

o(ce) = 20 x o(bb)

!"p'l::t:ru_'l

Acceptance ~ 25 %

u\\ /
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! L L 5
) L 5 L
. % , 1
.

Access to all kind of
hadrons with b- and
c-quarks

Op~ 20 um
For high-pT tracks

LHCb: forward spectrometer for flavor physics
Excellent tracking and vertexing capabilities. LHCb MC
Excellent PID performances .

Collected 3.0 fb'' in 2011-2012
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Exotic J/wp contributions in
N, — JIYpK
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A, — JIp p K at LHCb R ety

« Clean sample: more than 26.000 signal candidate

« Background subtracted from sidebands
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« 5.4% of combinatorial background in the signal region
Background subtracted Dalitz plot

1 T I I 1 & [T L T T T T T T ]
= 4 > ol o
F - LHCb ﬂ ~26Kevents 3§ 26: LHCb 1
_ +20 (0=7.5 MeV)E =24 .
3 1 E w%} i i
= J[ - E 22 B ]
'
- sideband \, sideband ; [ A(1520) ]
= . . Q. " 16 - L L L —
5500 5600 5700 5 3 1 z 5

My MeV] m2_ [GeV?

Unusual feature in m?;,  at 19.5 GeV?

Large activity due to A\* excited states in the m?,_ at projection
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N\, — J/Ig p K projections PRL 115 (2015) 072001
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« Can interference between A* resonances generate a peak in the J/y p
mass spectra?

« Full amplitude analysis that incorporate both decay sequences

« 6-D amplitude fit: invariant masses, helicity angles and decay plane
angles
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N, — JIp p K it results

—a— data

—— total fit
— background
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| / PRL 115 (2015) 072001

e Considering all A* known
states

« Does not improve m;,

/- Adding two P_ states
improve the fit quality

e Explored all JP up to 7/2*
. Best fit (3/2 - ,5/2*)
« Good fit also with
(5/2* ,3/2 -)

P (4380)* P, (4450)*

3~ 5T

2 2
M 4380 £8+29 44498 £ 1.7+25
T o05+1848  39+5+19
F% 84407442 41205411
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A, — Jiyp pe K fit resUliSE

large interference
between P (4380)

and P_(4450)
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PRL 115 (2015) 072001

e Considering all A* known
states

« Does not improve m;,

/- Adding two P_ states
improve the fit quality

e Explored all JP up to 7/2*
. Best fit (3/2 - ,5/2*)
« Good fit also with
(5/2* ,3/2 -)

P (4380)* P, (4450)*

3~ 5T
M 2 2
4380 £8+29 44498 +1.7+2.5

I 905 +18 +86 9+5+19
{% 84£07£42 41x05=x1l
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1604.05708

v
< Theory predicted Well established states>
* The spectroscopy of A*is > o0 — _
complex and not completely = — - =
understood S0 = — T =1 —
- High density of states with mof- — [ — T
large widths N

e Non resonant contributions

:
IIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIII
I
I |
. -
I

could also be present u E
— I | .
1600 Low-spin states
| = — at low masses
Only restrict the maximal spin of 1400 1 IIJ 3 55 7 oo o 1
allowed A* components at given bof-2 2 3 3 3 3 3 3 5 35 3
m(Kp) —
1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
1000 0 2 4 6 3 10
L M_ )

» Study the A | — J/ypK decay with a model independent approach respect :
to the Kp contributions

« H,: hypothesis that the data are described by A |, — J/y A* ( A*—pK)

M.Rotondo HQL201§/ 10



1604.05708

;Ei 'H LHCb » Efficiency-corrected and background
S uoof [} subtracted mass distribution
21200
” 000 F(my, | Hy) » Interpolation to obtain F(my, | Ho)
/
/
« Expand cosb,. in Legendre polynomials
l
dN IMiax
= PUNP, O~
d cos O« ;< 12 F1(cos04-)

« Moments from data in bins of m,,

k
Neand

(PY =Y (wi/e;)Pi(cosby.)

i=1

 Maximal rank [, cannot be higher than
2J o Imax IS the highest (Kp) spin which is
present in the data at a given m,, value

- /
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<P, >/ (44 MeV)

P.: Model independent a/n

o 1604.05708

|+- UL BN T L | LI
g e I=1 s tm] Filter out maximum
i WX 4 spin for each m
o " * S +++. — P Kp
SO0}y | .
ot I=4 =5} 1=6
ol Expand cos6,. in Legendre polynomials
; MRS B AN Lmax
+ P % pree U
| LHCb } = P )YPi(cos O~
-S00g4 ":"::E': :::::::{':} ettt dﬂﬂﬁeﬁ* ;< £> J( ﬁ)
1000 [=7 [=8 =9
sook Moments from data in bins of Mo
W&W%m‘w PR S ﬂ“::ﬁndk
T S £, o T Uk _ z t
jllml LI 'Ll | T I.:I L Tl <_FE } — (mi/Ei).PE(EUBB :I-:)
1000 =10 =11} =12 i—1
S00F
Maximal rank [ __ , cannot be higher than
2J o Imax 1S the highest (Kp) spin which is

present in the data at a given m, value

-
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1604.05708

Generate high statistics toy MC: A
Phase space A\, — J/p pK

Weight according to my, and the moments (filter out [ .., according to Mi,)

Yield / (20 MeV) / o

Search for reflections of the Kp system into the J/ypp system -/
1000~ M o _

- i Likelihood ratio to test H,
300(- ' LHCb -

i # . F (A(-2InL) I H )
000 [ ﬁ* * Bif. Gaussian fit
o LHCb
2'30:— / data

- H, (A" only) rejected at 9o

A ¥ S v S | S .
me[GeV]

l o HO hypotheSIS reJeCted at > 90- l —2 0 20 40 60 80 ]00120140160]8[3_
5



Charged exotic Z(4430)*

HQL2015
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« Charged charmonium like state in B — w(2S)m K decays
« Belle PRL 100 (2008) 142001, PRD 79 (2009) 112001, PRD 80 (2009) 031104
« BaBar PRD 79 (2009) 112001 Not observed but not in contradiction with Belle

K*(892) K,*(1430) K* veto region
S — ' a5

40

23

With Z

22

, 21 © 3°F Without Z
) 3 %
f"% 20F 3
© 19E T
w  _F 2
= 18F >
cu C - [t
= 17:_: L%
16"
15F * |

IIIIIIIIII Ll L
251.51.75 2 2.252.5
2 2 4 2 3 244
M2(K, ), GeVZ/c M2y’ t), GeVZc

. 0_

BY = y(2S)mK M = 4485733717 MeV/c?
° 0, —>

BO — Z(4430) K, Z(4430)— y(2S)m I = 20041426 Ve /2
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Z(4430): resonant nature

PRL 112 (2014) 222002

e Others assignment are ruled
out with large significance

Clear resonant behavior

LHCb 54277 MeV _

phase

04 0.2 0 0.2

< 300 ¢ T | T 1 ] P — +
=k tucy 3 *J0 =1
w250 ]
E E Simullatecl E
‘g 200 :_ j;.l)_ei{;il]eﬂls Data _:
2 F .
5 150 3
-8 B Simullated -
3 [ e;’-PEﬂ:neuts E
2 100E i :
50 =
0 E ] " ] . . , | E Irjﬂ: L
-200 200 400 E'U 2
A(2Tn L) =L
LHCb Belle ol
M(Z) [MeV] 4475 + 7113 4485 + 20728
r(z)Mev] 17241313 2000472 02
fz [%] 5.9+0.9%33  10.3%39753 ; 42_
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JP 1+ 1+ o
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Z(4430): model independent’

PRD 92 (2015) 112009

« Check if the structures in the m g, spectrum can be explained as reflections of

the resonance activity in the K1 system

 No assumptions on the K* resonances: only its maximum J is restricted

* Angular structure of the K11 system is extracted with Legendre polynomial moments

N: 1 I I ; I I I I I I | I | I 1 I : % zm -_ I I I | I I I I__
> 60000 . LHCb 1 S 1s00f4y N LHCb 3
= 1 3 1600F eyt T+ -
< 50000 - < - + =
< 1 i 14000 F + " -
5 4000 R o4+ ++++4_§
” ] 10000 [ AR -
30000 b - - -

¢ : 8000 F- E

2o . ] b :
10000 . E 4000 = Rich angular structure in E

. %o oo, : 2000 the KT system 3

0 I. 1 1 1 I 1 1 1 | | 1 1 | I““ 0 : 1 I | 1 1 1 I | 1 1 | | 1 :

800 1000 1200 1400 -1 05 0 05 1

my, [MeV/c’] cos 6.,
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PRD 92 (2015)
112009

 Hypothesis test based on
likelihood ratio

« Large toy MC with events weighted
according to the moments to predict the

Imax < 6
qu(ZS)'ITSpeCtrum E El|ll|||||||||||||||||t
u -
A L . T - £ r LHCb
&) - - = -
= - [.HCDb $¢ .
~, 14000 = Imax(mK ) ++ = §10 = =
z C ,',':"' ) - 8 -
v 12000 e : _ -g
Q _ - . D
— = EPTERETE?. S - =
% 10000 __ __ c'E,.' 1 . —
- - E 2 |
8000 - S ,
[ ! . =
6000 |~ - <
| ] 107 | | -
4000 - E 1 PN % :
- -500 0 500 1000 1500
2000 [ a -2ANLI
ot /Hypothesis that the structure ofthe\
3800 4000 4200 4400 4600 4800

Imax(mK ) = { 3

2

4

M5 [MeV/c]

mg . < 836 MeV/c?
836 MeV/c? < mg.,, < 1000 MeV/c?
my . > 1000 MeV/c?.

M.Rotondo HQL2015 19

My, 25y SPECtrum can be described

as reflection of the activity of the
resonances in the K1 system is
ruled out with more than 8o

\_ /




Properties of X(3872) state

HQL2015
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X(3872) EERRPRD 92 (2015) 011102

, M(X) =3871.68 £ 0.17 MeV
 Mass close to DD* threshold M(D*)+M(D) = 3871.85 + 0.20 MeV

 Still debates: molecular state? Tetra-quark? Mixture? Ordinary
charmonium?

 Crucial unambiguous quantum number JPC determination
e Decay to J/Wy and W(2S)y — C=+1
* Using X(3872) — J/W1r*11- decay CDF establish 1** or 2-*
« With 1fb-' LHCb rules out 2+ — JPC =1++

- CDF and LHCb assumed minimal L, this assumption is not obvious

. e I
Standard charmonium Molecule Significant L > L, could:

- invalidate the previous JPC =1+*
@ assignment
- hint of molecular structure
- /

R (size) is small R larger, what aboutL=R xp ?

HQL2015 21
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7
AEL AR BIETEE LA PRD 92 (2015) 011102
B* - X(3872)K™, X(3872) = J/p° . J/Y > putu, p° o i

S e —r—r—r—T Helicity formalism: decay described by 5 angles
2 160 - ,,
'é 140 1911 + 38 E / By \
3 120 Slgnal events ] JPC Any L value Minimal L value
= . -1 -
ks with 3fb 0+ BN s Ta—
2 100 07" By. By B CDF
1]
© g0 177 Byo. By, Bro. By Byo. Byy. By
1" Boy. Bor. B Dy q
% 277 By, Bya. By, By By, By LHCb 1 b
40 27" Bup. By, Boy. By, Bao| Doy
20 | 37T | Bia, By Byt By Ba\ B,
A Al a' .. Py s T 3T BQI’ BQQ’B‘H’ B42 Bm" 322
0 740 760 780 800 820 4: B3y, By, Byy, By Bsy. By
AM =M(rtdhy) - M(Jhy) [MeV] \ 4 Doy, Bao, By, Bia, Bea - D /
Full angular analysis Assuming parity conservation

without assumptions on L Py =P,,P (_l)i a (—1)[
=Py,P, —

S ) ( L S
AJp — Ap 0 Ay —Ap

4 Helicity couplings:

_ o Jp
Ay e = ZZS: BLs ( Ajw —Ap

)
L A =X )|

\ »

3




3

X(3872): JPC = 1** co

« Decay mainly through S-wave o

 Total D-wave contribution < 4%
@95% C.L.

 The p(770) — 1T dominates

Candidates

p(770) = wrn~
LHCDb +

MeV
o
=

-

=)

S
|

Candidates per 10
@
=
|
Candidates

=2}
=
TTT T 111

=
=
TTTTT

M3
=
T[T

ST
3
8
3

Candidates




4

Search for exotics in
B, T mass spectrum

M.Rotondo HQL2015 /

24



The X(5568) ?

« ArXiv: 1602.07588: DO new state X(5568) — B_mm

 5.10 significance and high production rate: minimal quark content bsud

90 -
2000 51 - DO Run I, 10.4 fb'
3 4 DORunll 1041 . B g) NX)=133 =31

™ o -

{5 0 = - «  DATA

= F B s — J / ¢¢ % 70 — Fit with background shape fixed
3 1500 ¢ —
= - =e=== Hackground

= o 60 — wee Slgnal
o - =
R N(B.) ~ 5500 2s:
o @
§ : o 40
- =z —
@ r —
500 L 30 |-
= - =
20
o) PRSPPI (A Y A L i i . =
4.8 5 52 5.4 5.6 5.8 6 105

m (J/y 0) [GeV/c?]

m = 5567.8£2.9 (stat) 09 (syst) MeV/c? '“: +
[=21.9+64 (btfatf) 52 (syst) MeV/c? ;;' *ﬁﬂ#}lﬂ|Hﬂwﬁﬁwﬂﬂﬂﬁw
= (8.6 £ 1.9 + L4)% J E 1: 5_'55‘ | jj 56 i 57555 58 5
m (Bsnt) [GeV/c?]
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LHCb data sample of By R e S elelN 2/ IR

. - N
 Cut-based selection for clean B, « Huge and clean sample
sample of B, mesons
. Mass constraints on J/y and D, to - ig;:g::s the DO
Improve mass resolution Ny %
_ 0
B D n" By = J/bo
< 6000 S L B 7 < I B '
S % LHCb Preliminary () 7 S 9000 | LHCb Preliminary (b)
O C ] O
= 5000 - 2 8000 0
3 N(B?) = 65k S wor- N (BY) = 45k
£ 4000/ - £ G000 )
% 2000F- og=15 NIEVXCZ E % 5000 0 = 6M€V/C
o L _ . S 4000 B
20001 S/B=10 1 000 S/B =50
1000
800 5400 5500 5600 5300 5300 5400 5500
m(D_x) (MeV/c) m(JAye) (MeV/c)
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PV -
* Add a pion, requiring that it comes from the same PV (B’#\) T

« Signal shape is a BW with parameters from DO collaboration

N = - N ull ) =
%J 180 L HCb Preliminary (a) Bl e xisso s — > m; LHCb Preliminary (b) I e xssom st =
1E_ 160 I:l Combinatorial — ‘E_ 50;_ I:Icombinaturial —
Sww: By P >5GeV 1 I o= By P;>10GeV E
¢ 120 - g r .
= = - 5] - ]
g 100 : | ] Tk Al L e I"'.ll
8 o= 8 °F !i i HRAERRIL I" R
“E SN RS i SR
40 - | I,Ii||: | { l -
20— t 10 ||iill:'| i II { -
R ¥ 2+ 0 i =
E S of z
o (o 11
2
-4
5520 5540 5560 5580 5600 5620 5640 5660 5680 5700 5520 5540 5560 5580 5600 5620 5640 5660 5680 5700
m(Bir?) [MeV/c21 m(Bir) [MeV/el
% 250 f—LHCb Preliminary [ e s “""—f
= » Combinatorial . . .
T 00l = 3 "+ No signal observed: stringent UL on the N
£l : production rate (no dependence on rapidity)
°— : PHP(BY pr > 5GeV/e) < 0.009(0.010) @ 90 (95) % CL
:’;’(':;ftf’;i ““"B”L‘f};“"f ﬁ”‘ b(BY pr > 10GV/e) < 0.016 (0.018) @ 90 (95) % CL
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Conclusions
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Summary

 Many new states discovered since the first observation of the X(3872)

« Some of them have been observed by many experiments, other need
confirmations

« Crucial to study these states in different production and decay modes

* Look for isospin/charged partners
 Measure Branching ratios

« Full angular analysis to establish the quantum numbers and exclude
some dynamical production mechanisms: threshold, rescattering...

« P_ states are good candidate for penta-quarks

» Loosely bound molecule? Tightly bound penta-quarks? Hybrid?

« Extensive experimental program ahead

LHCb, CMS, ATLAS, BaBar, Belle, Belle-ll, BES-III,
COMPASS: all have role to play

M.Rotondo HQLZ
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A, — JIy pc K fit results

Events/(20 MeV)
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Yield / (2 MeV/c?)

LHCb

Confirmation of the Z(443!

Two analysis methods

4D amplitude analysis: extract resonance

parameters and JP
« PRL 112 (2014) 222002

Model independent based on Legendre
polynomial moments from the K1t system

(similar to the P analysis)

. PRD 92 (2015) 112009
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Z(4430): model indepeng'

« Large toy MC simulation with events PRD 92 (2015) 112009

. . o B L L L L
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« Hypothesis test based on likelihood ratio

PRD 92 (2015) 112009

 Physical configurations compared with prediction with | _. = 30

fmnx{mK?r]
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Hypothesis that the structure of the m ., spectrum can be described
as reflection of the activity of the resonances in the Kt system is ruled

out with more than 8o
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