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@ The LHC accelerator and its detectors.

@ The LHCb detector.

© Exotic states.

Q Results on Z(4430)"

© Results on pentaquark states on /\g — JApK™ and /\g — Jpr .
@ Search for structures in the JAb ¢ spectrum.
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The LHC and its detectors

The LHC accerates and collides two high luminosity and high energy beams of protons or heavy ions.

Low B (pp)
High Luminosity

@ Two general proposal high luminosity experiments:

CMS and ATLAS.

@ One experiment dedicated to flavour physics: LHCb.

@ Heavy-ion experiment: ALICE.

Low B (pp)
High Luminosity,
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The LHC environment

During most of 2012 run, LHC collided protons at 8 TeV with an average instantaneous
luminosity of 4 x 10%?cm™?s™ (LHCb) and 20 MHz of bunch crossing.

@ Inelastic cross section ~ 60 mb
@ o(pp — bbX) = (284 + 20(stat) + 49(syst)) ub
[PLB 694, 209]
e ~ 10° BB produced per second
LHCb MC
@ o(pp — ccX) is about 20 times higher. {s=8Tev

[Nucl.Phys. B871 (2013) 1-20]

At the LHC energy, the bb pairs are produced

preferentially at forward (backward) directions.

@ Optimal design is a forward detector: LHCb 0, [rad] ™2

/2
S g, [rad]
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The LHCb detector

LHCb experiment is designed to perform high precision flavour physics measurements at the LHC.

Muon chambers
Trigger + u ID

RICH system ‘

VELO
Precise vertexing

@ Single-arm design. Covering the range 2 < n < 5,
LHCb can exploit the dominant heavy flavour
production mechanism at the LHC and detects ~ 40%
of the bb produced in forward region.

@ Good particle identification. Excellent muon

identification and good separation of 7, K and p over
(2-100) Gev.

HCAL, ECAL and Preshower/SPD
Trigger +7/e energy and ID

@ Good vertexing and tracking. Precise primary and secondary vertex reconstruction. Excellent momentum, IP and
proper time resolution.

@ These same features make LHCb very suitable for precision spectroscopy studies in the foward region.
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The operation of the LHCb detector

Runs | and |l

LHCb 2015 Trigger Diagram LHCD Integrated Recorded Luminosity in pp, 2010-2016
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( Partial event reconstruction, select ]
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Quarkonia status

In QCD-motivated models, quarkonia states are basically described as qq pairs bound by a
short-distance potential approximately Coulombic (single-gluon exchange) plus a linearly
increasing confining potential at large separations.

Charmonium mesons

450010 w(4415) N ]

. = I ¥ (4160) i

@ All charmonium states below the DD mass [ n! ¥(4040) y b ]
threshold have been observed. 40001~ T o e o ]

@ Charmonium states above the DD or DD* DD [ Pz ]
mass threshold can decay into DD and DD* a0l h, o K L 1

' I S i
final states. N ]

@ Many predicted states still not observed. - I  predicted levels |
@ Similar situation in the Beauty sector. 3000l e Measurements 7

Is 35 \P 3P 3P‘ 3P2 'lD 3D 3D 3D

2 1 2 3
Orbital levels

Figure from [Annu.Rev.Nucl. Part. Sci. 2008. 58:51-73]
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XY/ states

Many new states have been observed at Charm, b-factories and Tevatron:

@ Masses lying on the limits of the quarkonia spectrum.

@ Many different production mechanisms: ISR, eTe™, vy and B

decays.

@ The measured masses do not correspond to the predicted values for

conventional quarkonia.

@ The properties do not fit very well to the quarkonia picture.

Many theoretical interpretations in discussion:

Diguark-diantiquark

Do

[4 x
—

2

D*-D “molecule”

@ 4a-gluon hybria

conventional quarkonia;

multiquark states;

meson-molecules and hybrid mesons;

threshold effects;

In the barionic sector we have the pentaquark candidates:

P(4380)F and P(4450)7 .
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7 (44

)+

Charged charmonium like state reported by Belle in B — {)(25)K 7t~ decays [Phys.Rev.D88:074026]
Searched and not confirmed or excluded by BaBar [Phys.Rev.D79:112001]

Can not be explained as conventional meson.

Minimum quark content: cZud
No corresponding structure observed in B® — JWK

Z(4430)" at Belle. K

Events / 0.17 GeV?/c*

*0

With Z(4430)" and No Z(4430)"
45

and K3 (1432) vetoed.

40
35
30
25

M2(y’ ), GeVZ/c*

. A. Alves Jr (USC)

2(4430)+ at BaBar. Legendre polynomials approach.
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at LHCb

Confirmation of Z(4430)"

Phys.Rev.Lett.112, 222002 (2014)

@ Sample with >25.000 B® — K"~ (25) signal candidates,
@ Analysis performed using two different approaches:
@ Model dependent. Four-dimensional amplitude fit (invariant masses, helicity and decay planes angles).
@ Model independent. An analysis based on the Legendre polynomial moments extracted from the Km system
@ Background from sidebands. Estimated 4% of combinatorial background in the signal region.
@ Four-dimensional efficiency calculated using complete simulation of the detector
background subtracted Dalitz plot
> T
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Z(4430)*

Amplitude fit

@ Fitted parameters:

_ +15 2 o +37 2 - +1.5¢
My quaoyt = 44755 TERMEV/S, T s = 1722 1855 MeV/ S, £y, v = (5.9 £0.9755)%
@ Significance: A(—2/nL) > 13.90
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Z(4430)*

Resonance character and spin determination

o 300F . . ——]
S LHCb ]
% 2501 Simulated E
F experiments 1
£ 200F r-0 paa 3 p .
g_ : 3 @ J7 =17 assignment favored.
150 3
; n ) . P . .
8 F Simulated 1 @ Other J* assignments are ruled out with large
- experiments - . e
ﬁloo:— %= E significance: > 9o
50F =
E E N T

N
Q
o
o

2 ; 2(I)O 4(|)0 éo.z; LH% ]
A(-2InL) = 0 ]
o Z(4430)" amplitude is described by 6 independent °r 1

complex numbers instead of a Breit-Wigner ol ]

@ Observe a fast change of phase crossing maximum of ﬂ_

magnitude. 04 ]

o Expected behaviour for a resonance. I SR D
0.6 04 0.2 0 0.2

ReAZ
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Z(4430)": model independent analysis

Phys. Rev. D 92, 112009 (2015)

The main goal is to check if the structures in the my,os),
reflections of the resonance activity in the K7t system.

@ No assumptions on the shape and coupling of the K* resonances.
@ Only its maximum J is restricted.

D
8
()

0.8
0.6
0.4
0.2

-0.2
-04
-0.6
-0.8

" LHCb

800 1000. 1200 1400
My [MeV/c]

A. A. Alves Jr (USC)

spectrum can be explained as

— & 1
5000 & & F
< o 0.8F
RS 8 =
4000 S 3 06 £
3 =
s 04
o F
3000 & 02
2000 > -02F
-04F
1000 06
-0.8F

0 _, .

Multiquark states in LHCb

N -
4000

N -
4200

PR IR SR T SRR
4400 4600 4800
Myegn [MeV/c]

April 24, 2018

04)

2000

1500

1000

Yield/ (20 MeV/c x O

500

13 / 63



Z(4430)": model independent analysis

K7t system

@ Very active Kt system. Resonance Mass (MeV/c?) T (MeV/c?) JP
@ my, taken directly from data, as it is. K*(800)" 682429 547424 0+
@ Angular structure of the K7t system acquired via Legendre K*(892)° 895.81+0.19 47.4+0.6 1=
polynomials. K*(1410)°  1414+15 232421 1-
N v/ U K (1430)° 1425450 270480 0t
Teos0 o = 2o (Fj )Pj(cosfy0) K3(1430)°  1432.4+1.3 10945 2*
W , K*(1680)° 1717427 3224110 1-
@ (P/y =3l %MIPJ-(COSG;(*O) K3(1780)° 17767 159421 3
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Z(4430)": model independent analysis

Legendre polynomial moments

The rich angular structure of the K7t system is shown by the very featured Legendre polynomial moments.
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Z(4430)": model independent analysis

My, (25)r SPectrum

@ The moments are normalized and used to predict, through a MC simulation, the expected m,(25), spectrum.
@ The order of the Legendre polynomial expansion depends on the locally dominant K7t resonances

2 my, < 836 MeV/c?
Imax(Miz) =3¢ 3 836 MeV/c® < my, < 1000 MeV/c?
4 my, > 1000 MeV/c?.
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3 14000 3
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8 F .
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o @ Phase space MC weighted to reproduce my, (red line)
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Z(443

Slices of my
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@ Clear disagreement between data and MC on the slice 1.0 < my, < 1.39 GeV/c
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Z(4430)": model independent analysis

Hypothesis test

% F J T ]
2 1uomf. LHCD 3
s E
@ Performed using a series of pseudo-experiments produced according with Q12000 E
Imax (mKﬂ' ) %1 E E
s E

@ Hypothesis test based on likelihood ratio between [, (my,) and /oy

=30.
@ Efficiency effects and background subtraction taken into account in the
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Pentaquark states in A — JAb pK™

Phys. Rev. Lett. 115 (2015) 072001

@ Sample with >26.000 /\?) — JApK™ signal candidates,
@ Analysis: six-dimensional amplitude fit (invariant masses, helicity and decay planes angles).
@ Background from sidebands. Estimated 5.4% of combinatorial background in the signal region.
@ Six-dimensional efficiency calculated using complete simulation of the detector.
background subtracted Dalitz plot
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< 6000 O, 1
> £ 224 .
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Pentaquark states in A — JAb pK™

Some analysis details

@ Two parametizations: AY — K™ (PF — pJAb) and AY — JAp(A* = pK ™), with JAb — uu™
(@) b)

( K
b—%g} " % (;}K .
: }PC

Aob u_\s b c
N T S—
d_’_\g}/\* d———=4

@ Six-dimensional amplitude fit. Resonance invariant mass, three helicities angles, and two differences between decay
planes.

A, rest frame _
O q)P‘ T

A, rest fr:r(r)xc P rest frame
A

9,
[

oSt Trame 9 A rest frame = »
lab frame lab frame

@ Lorentz transformations relates the two helicity representantions.

Resonances described by Breit-Wigner distributions.

@ Angular distribution calculated using helicity formalism.
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Pentaquark states in A — JAb pK™

Fit results with pentaquark states

@ Fit including just well motivated A" resonances (Reduced model).

@ P(4380)7 with M = 4380 £ 8 £ 20 MeV/c? and I = 205 + 18 = 86 MeV/c?
JP= 3/27 , fit fraction of (8.4 £0.7 +4.2)% and significance of 9¢

@ P(4450) with M =4449.8 + 1.7 +2.5MeV/c® and T =39 + 5 + 19 MeV/c”
JP =5/2" | fit fraction (4.1 + 0.5+ 1.1)% and significance of 125

@ The mass resolution is approximately 2.5 MeV/c2 and combined significance 150

@ The quoted JF assignments are the most favored by the LHCb data.
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Pentaquark states in A — JAb pK™

Resonant character of the pentaquark states

) P(4450)? amplitude is now described by 6 independent complex numbers instead of a Breit-Wigner.
@ Six equidistant points in the range £y = 39 MeV/c2 around My = 4449.8 MeV/c2 (from the default fit).
@ Observe a fast change of phase crossing maximum of magnitude. Expected behavior for a resonance.
@ Same test on P(4380); leads to inconclusive results.
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Pentaquark states in A — JAb pK™

Model independent analysis [Phys. Rev. Lett. 117, 082002 (2016)]

@ The goal of this analysis approach is explain the structures observed in the pJAp invariant mass as a reflections of the
activity of the conventional resonances on the K™ p system.

@ No model dependent assumptions are made. Instead, the M= distribution is taken from data as it is.

@ The angular structure of the K™ p system is acquired via Legendre polynomials calculated from the A™ helicity angle.

@ This method was introduced by the BaBar collaboration and later improved upon by the LHCb collaboration, both in
the context of the search for Z(4430)" on B® - V(2S)K ™ decays.

LHCb

E 1800
S 1600
I
<1400
o
21200
=
1000

2.4
my, [GeV]
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Pentaquark states in A — JAb pK™

Model independent analysis: Legendre polynomials

@ The maximum order of the Legendre polynomials considered in each

M= slice is limited by the maximum spin of the A" expected to

give local contributions.

@ A normalized weight is calculated and used to reweight simulated
events to obtain a prediction for my,,, distribution consistent with
the conventional resonances contributions.

@ The predicted distribution does not provide a satisfactory description
of LHCb data.
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Evidence for exotic hadron contributions to A — JAp prt

Phys. Rev. Lett. 117 (2016) 082003

@ Sample with 1885 + 50 /\E’, — JAbprmt~ signal candidates,

@ Analysis: six-dimensional amplitude fit (invariant masses, helicity and decay planes angles).

@ Combinatorial background modeled by an exponential function and events from /\g — JApK™ modeled using
simulated samples.

@ Six-dimensional efficiency calculated using complete simulation of the detector.

background subtracted Dalitz plot
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Evidence for exotic hadron contributions to A — JAp prt

Some analysis details

@ Three parametizations: /\g — (PF = Jp)n, /\?) — (Z.(4200)" — JAp " )p and /\g — JW(N™ — prt”), with
I — .

@ Six-dimensional amplitude fit: resonance invariant mass, three helicities angles, and two differences between decay
planes.

@ Lorentz transformations relates the two helicity representantions.

A, rest frame
P rest frame ’ ¢,-m

lab frame

@ Resonances described by Breit-Wigner distributions.

@ Angular distribution calculated using helicity formalism.
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Evidence for exotic hadron contributions to A — JAp prt

Amplitude analysis

@ Reduced Model. Including only well estabilished N* resonances.
@ Extended Model. Used to calculate systematic uncertainties and the significances.

@ Exotic states contributions are necessary to achieve acceptable fit quality, mainly in the m - > 1.8 GeV/c2 region.
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Evidence for exotic hadron contributions to A — JAp prt

Results

e Fit fractions from the RM + exotic states.
o P(4380): (5.1+1.573%)%
o P(4450)F: (1.6138192)%
o Z.(4200)": (7.7 +2.8738)%
@ When the two P states are not considered, the fraction for the Z.(4200)" state is
(17.2 £ 3.5)%.

o Conversely, the fit fractions of the two P states remain stable regardless of the inclusion of
the Z.(4200)" state.

@ If both types of exotic resonances are included, the total significance for them is 3.10.

@ Assuming that the ZC(4200)Jr contribution is negligible, there is a 3.30 significance for the
two P states taken together.
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The X(4140) and X(4274)

@ Two exotic resonance candidates observed by CDF in B — Jb chi decays and decaying
into JAp@. [Ref. Phys.Rev.Lett. 102.242002].

@ DO experiment also reported the observation of structures on JAp ¢ invariant mass on B
decays and promp candidates. [Ref. Phys. Rev. D 89, 012004, arXiv:1508.07846 |.

@ Belle experiment also have searched for X(4140) and X(4274). Belle accumulated more
events on B — JAp KT than CDF but could not confirm or exclude the X(4140). due
loss of efficiency near the threshold, which resulted in a lower sensitivity to X(4140).

[see J. Brodzicka, Heavy flavour spectroscopy (LP09)]
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Search for structures in the JAp ® spectrum at LHCb

Phys. Rev. D95 012002(2017), Phys. Rev. Lett. 118, 022003(2017)

@ Sample with 4289 + 151 B* — JApdK™* with JAp — p*u~ and and ¢ — KK~ signal candidates.
@ Analysis: six-dimensional amplitude fit (invariant masses, helicity and decay planes angles).
@ Background from sidebands. Estimated (23 £ 6)% of combinatorial background in the signal region.
@ Six-dimensional efficiency calculated using complete simulation of the detector.
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Search for structures in the JAp ® spectrum at LHCb

Some analysis details

@ Three parametizations: BY — JAp K*T with K*" = ¢K, Bt — XK' with X — JAb¢ and BT — Z7¢ with
7T = JWKT all followed JAp — ptu™ and ¢ - KK ™.
@ Six variables: resonance invariant mass, three helicities angles, and two differences between decay planes.

@ Lorentz transformations relates the different helicity representantions.

B’ rest frame

 rest frame K'rest frame

@ Resonances described by Breit-Wigner distributions.

@ Angular distribution calculated using helicity formalism.
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Search for structures in the JAp ® spectrum at LHCb

Fit only with conventional contributions

Using the predictions of the Godfrey-lsgur model as a guide for the K*t quantum numbers [Phys. Rev. D32 (1985)
189.].

The masses and widths of all states are left free.

The myx and my,, i distributions well with K** contributions alone.

The fit projections onto mjp, ¢ do not provide an acceptable description of the data.
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Search for structures in the JAp ® spectrum at LHCb

Fit with conventional plus exotic contributions

@ Only X contributions lead to significant improvements in the description of the data.

e The model contains seven K*' states, four X states and ¢K and JAb ¢ nonresonant
components.
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Search for structures in the JAp ® spectrum at LHCb

Modeling near threshold X contributions as D\i DIF cusps

@ Modeling X(4140) and X(4274) using the threshold cusp parameterization proposed by Swanson [ Int. J. Mod. Phys.
E, 25, 1642010 (2016)].

@ On the left: only X(4140) is represented as a JPe =1+t D DI cusp.
@ On the right: X(4140) and X(4274) are represented as a JPC =1 Df DI and JSFC=0"F D;‘ED;H'(2317)]F
cusps, respectively.

g g
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Search for structures in the JAp ® spectrum at LHCb

Results

@ The LHCb data cannot be well described without several JAp ¢ contributions.
(Table[1] and references [28,25] on arXiv:1606.07895)

Contri- Sign. Fit results
bution or Ref. My [MeV ] Ty [MeV | FF %
All X(17) 16+£3 *5
X(4140) 840  4146.54+4.575% 83421713 13+£3.2755
ave.  Table[l]] 4143.4+1.9 157463
X(4274)  6.00 4273.3+£8.3*1'72 56+1171 ¢ 71425733
CDF 42744451419 32 +§§ +8
CMS 4313.8+5.3+£7.3 3873 + 16
Al X(0F) 28+ 5+ 7
NRjye  6.4o 4611715
X(4500)  6.10 450641112 9242112 6.6+£24733
X(4700)  5.60  4704+10714 120431 t§§ 124 5+

@ X contributions near threshold are consistent with Dg[ DT cusps.
@ First full amplitude analysis performed on BT - Jb d)Ki decays.
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Charmonium-like exotic states spectroscopy at LHC

Recent results not included in this talk

LHCb:
@ X(3872) quantum numbers determination [Phys. Rev. Lett. 110, 222001 (2013)].
@ Evidence of X(3872) — {(2S)~ [Nuclear Physics B 886 (2014) 665-680].

@ Quantum numbers of the X(3872) state and orbital angular momentum in its poJ/'zp decays [Phys. Rev. D 92
(2015) 011102].

ATLAS:

e Production measurements of {(2S) and X(3872) in pp collisions at
8 TeV [ATLAS-CONF-2016-028].

CMS:
e Search for structures in the J/Ap ¢ spectrum at CMS [Phys. Lett. B 734 (2014) 261]
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Z(4430)"

Existence confirmed with > 13.00 in multidimensional amplitude fit.

Existence confirmed with > 8.00 in model independent analysis.

Quantum numbers determination JP =1"

Resonant behavior observed.

Pentaquark states in /\g — JApK™ at LHCb

P(4380) observed with 9.00 in multidimensional amplitude fit. Quantum numbers = 3/27.
P(4450) observed with 12.00 in multidimensional amplitude fit. Quantum numbers = 5/27.

Resonance behavior observed for P(4450)F . P(4380)F needs further studies.

Model independent analysis rules out conventional only explanation with 9o .
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Evidence for exotic hadron contributions to Al — JAppr at LHCb

Evidence of exotic contributions observed with 3.10 .
P(4380): (5.1+£1.572%)%

P(4450)0 : (1.679573%)%

Z.(4200)": (7.7 £2.8758)%

Search for structures in the JAb ¢ spectrum at LHCb

First full amplitude analysis performed on Bt - J d)Ki with JAp — ptp” and ¢ = KK~ .

X(4140) and X(4274) resonances confirmed with consistent masses and larger widths than previous measurements.
Two new higher mass resonances observed with high significance.

X(4140) and X(4274) contributions also consistent with DSi D;T cusps.

Thanks!
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Search for structures in the JAb & spectrum at CMS

Phys. Lett. B 734 (2014) 261

Analysis performed on a sample of 2480 £ 160 B - JA d)KjE signal candidates.

@ J/p p-spectrum is modeled by two S-wave relativistic Breit-Wigner over a three-body phase-space non-resonant
component.

@ m; = 4148.2 + 2.4(stat) & 6.3(syst) MeV/c? |, T = 28713 (stat) =+ 19(syst) MeV/cz, and significance exceeding 50.
@ m, = 4313.8 + 5.3(stat) & 7.3(syst) MeV/c? and T, = 38t?ig(stat) =+ 16(syst) MeV/cz.

CMS, {s=7TeV,L-62M"

300p ————r .
% C —+— Data ] . |
= 250 Global fit = > CcMS Pre‘hmmary.@w TeV, =521 CMS, fs=7TeV,L=5.21"
o o s Three-body PS (global fit) 4 [ E —— Data 3 & T ! 1,'ooa<m(K"K’|< 1035 Gev 3
N 3 +16 uncertainty band J = 400p = 20008 Am <1568 GeV ]
:200; : — — Event-mixing (Jy, 6, K*) ] o £ — Breit-Wigner 0 1800F oo g
EE, r ---- Event-mixing (Jy, 0 K*) - g 8 1600E- E
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150— + — 5 2 1200 * 3
F 3 1 © 1000F-
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A — K pJap

Fit results without pentaquark states

Jr My (MeV) Ty (MeV) # Reduced # Extended
1/2- A 505+£2.0 3 4
@ Fit including only A™ resonances, allowing all possible known f?j; l(r’(;‘; L0 15'(1_101'0 j; (1)
D bl o 4
states (Extended model) 1/2- 1670 35 3 1
. * . . 3/2- 1690 60 5 6
@ The masses and widths of the A™ states are fixed to their 12 1800 300 4 4
PDG values 1/2+ 1810 150 3 1
T : 5/2+ 1820 80 1 6
@ The my, distribution is reasonably well fitted 5/2" 1830 95 1 6
. . . . 3/2+ 100 3 6
@ The peaking structure in my,, is not described /2 200 1 6
5/2+ 200 1 6
9/2+ 150 0 6
? 200 0 6
—
> 2200 t —s— data_ 2 800 4
S 2000 —e— total fit s
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A) — K pJAb : Systematic uncertainties

Table 2: Summary of systematic uncertainties on P} masses, widths and fit fractions, and A* fit
fractions. A fit fraction is the ratio of the phase space integrals of the matrix element squared
for a single resonance and for the total amplitude. The terms “low” and “high” correspond to
the lower and higher mass P states. The sFit/cFit difference is listed as a cross-check and not
included as an uncertainty.

Source My (MeV) Ty (MeV) Fit fractions (%)
low high low high low high A(1405) A(1520)

Extended vs. reduced 21 02 54 10 314 032 1.37 0.15
A* masses & widths 7T 07 20 4 058 0.37 2.49 2.45
Proton ID 2 03 1 2 027 014 0.20 0.05
10 < p, <100 GeV 0 12 1 1 0.09 0.03 0.31 0.01
Nonresonant 3 03 34 2 235 013 3.28 0.39
Separate sidebands 0 0 5 0 024 0.14 0.02 0.03
JE(3/2F,5/27) or (5/2%,3/27) 10 12 34 10 076 0.44

d=15-45GeV! 9 06 19 3 029 042 0.36 1.91
Li‘g AY — PF (low/high) K~ 6 07 1 8 037 0.16

Lp, P (low/high) — J/pp 4 04 31 7 063 0.37

Lj“g A0 — Jfp A 11 03 20 2 08l 053 334 2.31
Efficiencies 1 04 1 0 013 0.02 0.26 0.23
Change A(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 25 8 19 421 1.05 5.82 3.89
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Ab — K pJAb: Slices m,

Figure 8: m,j,,, in various intervals of mp, for the fit with two P;" states: (a) mg, < 1.55 GeV,
(b) 1.55 < mg, < 1.70 GeV, (c) 1.70 < mg, < 2.00 GeV, and (d) mgp, > 2.00 GeV. The data
are shown as (black) squares with error bars, while the (red) circles show the results of the fit.
The blue and purple histograms show the two P states. See Fig. for the legend.
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Ab — K pJAb: Slices myyy,

Figure 11: Projections onto m j, i in various intervals of m, for the reduced model fit (cFit) with
two P states of J¥ equal to 3/2~ and 5/2%: (a) mk, < 1.55 GeV, (b) 1.55 < my, < 1.70 GeV,
(c) 1.70 < mgp < 2.00 GeV, (d) mgp > 2.00 GeV, and (e) all mg,. The data are shown as
(black) squares with error bars, while the (red) circles show the results of the fit. The individual
resonances are given in the legend.
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7 (44

)+

Charged charmonium like state reported by Belle in B — {)(25)K 7t~ decays [Phys.Rev.D88:074026]
Searched and not confirmed or excluded by BaBar [Phys.Rev.D79:112001]

Minimum quark content: cZud

°
°
@ Can not be explained as conventional meson.
°
°

No corresponding structure observed in B — Jb Ktn

Z(4430)" at Belle. K*°

Events / 0.17 GeV?/c*

A.

and K3 (1432) vetoed.
With Z(4430)" and No Z(4430)"
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2(4430)+ at BaBar. Legendre polynomials approach.
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Z(4430)": model independent analysis

Phys. Rev. D 92, 112009 (2015)

The main goal is to check if the structures in the my,os),
reflections of the resonance activity in the K7t system.

@ No assumptions on the shape and coupling of the K* resonances.
@ Only its maximum J is restricted.
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Z(4430)": model independent analysis

Slices of my,

Toy Monte Carlo prediction in slices of my .
< 19k Hep ‘ E Sk e 4 1 T mplHoD W E
S 14001 m,, < 0.836 GeV/c? E = [ 0.836<m,,<10GeV/c ] S 4000F 1.0<my, <1.39 Gev/c? + E
I E ] Lo 8000 - . Iy E E
1T I VAR
3 1omf E 2 o0 & ] 3
> E ] > >
800 3
600} E 4000} ]
400F E r
1 2000 ]
200f- E .
My [Mev/d] My [Mev/d] My [Mev/d]
T b ‘ ‘ E
3 00F LHCb + ]
= E my,>1.39 Gevic? le-. ]
g 20001 B
s [ T ] @ Data points(black dots)
T 1500f E . sy
> 1r / 3 ] @ MC prediction (blue solid line)
lo00F T @ Phase space MC weighted to reproduce my. (red line)
500~ it ¢ @ Clear disagreement between data and MC on the slice 1.0 < my, < 1.39 GeV/c
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Z(4430)": model independent analysis

Additional studies: /., < 4

full my . spectrum

@ Setting the maximum Legendre polynomial order to four, LHCb

independent of mpy

@ This corresponds to suppose the K7t system has S,P and D waves
contributing in all regions.

@ Data can not be reproduced
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Z(4430)": model independent analysis

Additional studies: /., < 6

full my . spectrum

‘g Data
. . . . £ LHCb
@ Setting the maximum Legendre polynomial order to six, independent =
f o
Oof Mg 9] 3 3
@ This corresponds to suppose the K7t system has S, P, D and F §
waves contributing in all regions. &
@ Data still can not be reproduced s °F 3
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at LHCb

Confirmation of Z(4430)"

Phys.Rev.Lett.112, 222002 (2014)

@ Sample with >25.000 B® — K"~ (25) signal candidates,
@ Analysis performed using two different approaches:
@ Model dependent. Four-dimensional amplitude fit (invariant masses, helicity and decay planes angles).
@ Model independent. An analysis based on the Legendre polynomial moments extracted from the Km system
@ Background from sidebands. Estimated 4% of combinatorial background in the signal region.
@ Four-dimensional efficiency calculated using complete simulation of the detector
background subtracted Dalitz plot
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Z(4430)*

Amplitude fit

o Fitted parameters:

M

— +37 2
Z(4430)" =172+ 1373, MeV/c

B +15 2
= 4475 T2 MeV/ ™ T oo+

fyaazoyt = (5:9+ 0.9733)%

o Significance: A(—2/nL) > 13.90
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Z(4430)*

Resonance character and spin determination

o 300F T T T -
SN LHCb  ;
g2 —— E
o experiments 1
£ 200F 20 bata 3
2t ]
8 150 E
8 F Simulated 9
F experiments ]
§ 100 F=1 =
50 B
o : L 1 1 :

-200 0 200 400
A(-2InL)

o JSF=1" assignment favored.

@ Other J© assignments are ruled out with large
significance: > 90

° Z(4430)Jr amplitude is described by 6 independent
complex numbers instead of a Breit-Wigner

@ Observe a fast change of phase crossing maximum of

magnitude.

@ Expected behaviour for a resonance.
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Z(4430)": model independent analysis

Phys. Rev. D 92, 112009 (2015)

@ Very active K7 system. Resonance Mass (MeV/c?) T (MeV/c?) JP
@ my, taken directly from data, as it is. K*(800)" 682429 547424 0+
@ Angular structure of the K7t system acquired via Legendre K*(892)° 895.81+0.19 47.4+0.6 1=
olvnomials. K*(1410)°  1414+15 232421 1-
poly
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Z(4430)": model independent analysis

Legendre polynomial moments

The rich angular structure of the K7t system is shown by the very featured Legendre polynomial
moments.
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Z(4430)": model independent analysis

My (25)r Spectrum

@ The moments are normalized and used to predict, through a MC simulation, the expected m,(25), spectrum.
@ The order of the Legendre polynomial expansion depends on the locally dominant K7t resonances

2 my, < 836 MeV/c?
Imax(Miz) =3¢ 3 836 MeV/c® < my, < 1000 MeV/c?
4 my, > 1000 MeV/c?.
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3 14000 3
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L0 12000 — —
) o ]
S 10000 3 )
T C ] @ Data points(black dots)
> 8000~ 7 @ MC prediction (blue solid line)
6000 [ @ Phase space MC (black dotted line)
o @ Phase space MC weighted to reproduce my, (red line)
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Z(4430)": model independent analysis

Hypothesis test

. T T
glAOOO:— LHCb E
] - 4
s E
@ Performed using a series of pseudo-experiments produced according with Q12000 E
Imax (mKﬂ' ) %10000; E
> [ 3

@ Hypothesis test based on likelihood ratio between [, (my,) and /oy
=30.

@ Efficiency effects and background subtraction taken into account in the
pseudo-experiment generation.
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Quantum numbers of the X(3872) state and orbital angular momentum in

its p°J /1) decays

Phys. Rev. D 92 (2015) 011102

@ Previous quantum number determinations assumed that the lowest orbital angular momentum between the X(3872)
decay products dominated the matrix element.

@ Significant contributions from higher orbital angular amplitudes could invalidate the 1t assignment. It is necessary
to perform again the analysis allowing more general angular configurations.

@ Using the 3.0 fb~! dataset recorded by LHCb in 2011 and 2012

@ 1011 +38 BTK'X(3872) with X(3872)J/ym =™ .

@ 5D analysis: all angular correlations used to measure X(3872) JPe
)

T g % T T T T T
T = 160
P ‘6 3 140
A K X(3872) X(3872) g
€ > 8 120
Jhp(18) u 2
B* T 100
o, 9 <
" TAp(1S) O g
60
Dxas72) P
40
20

L L L 1
740 760 780 800 820
A M = METTEINY) - ME/Y) [MeV]

Rl ¢J/qv(lS) )'¢:m
¢X(3x72)‘¢]hp1 1S) X( 3872 )
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Quantum numbers of the X(3872) state and orbital angular momentum in

its p°J /1) decays

Hypotesis test

g S
@ A large set of X(3872) Jre configurations is considered. 200k ]
@ Likelihood-ratio test to discriminate between the assignments A
against the 1t . ;
@ Results on data compared to simulated experiments. 2
g 200 LHCb 3 fb? 1
@ Data favour the 1 over the alternative hypothesis with > 16.00; €= 2 L))
@ No significant D-wave fraction is found, with an upper limit of 0.4%
at 95% C.L. g 5= o=t
200 4
T 0.09F T T T
S F
< U.OBE— A
D 007 o
= 0.06E LHCb 8 T
200k H .
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X(3872) production studies at LHCb

At LHCb, the X(3872) can be studied using:
@ Prompt candidates: higher statistics but large combinatorial background.
o Candidates from B decays: lower statistics but more clear samples
@ Both kinds of candidates (inclusive selection)

X(3872) production studies at LHCb were performed:
@ Measuring the product of production cross-section multiplied by branching ratio to
X(3872) = Jpmt
Assuming X(3872) asa 177" state
Performing an inclusive selection of X(3872) — JAp7t 7t final state
Fiducial range: 5 < py <20 GeV and 25 <y < 4.5
Efficiency estimated from Monte Carlo
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X(3872) production studies at LHCb

Analysis performed on data sample with integrated luminosity of 34.7 pbf1 collected by the
LHCb experiment in pp collisions at /s = 7 TeV in 2010. [Eur. Phys. J. C. 72 (2012) 1972]

o(ppX(3872) + - --) x B(X(3872) — JApm' ) = 5.4+ 1.3(stat) £ 0.8(syst) nb
M(X(3872)) = 3871.95 + 0.48(stat) + 0.12(syst) MeV/c>

o, 1600F
% F \JL§|-=IC7:'It')eV
2 1400:—
< 1200f- @ 585+ 74 X(3872) signal candidates
E 10005_ @ Momentum scale calibration using JAp — TRaTI
w C @ X(3872) peak fitted using a Voigt function with fixed
8oL width.
600~ @ Background studied from wrong-sign pions
C i * combinations and modeled by exponential function.
400
C i @ Uncertainty dominated by statistics. It will improve with
200 2011 dataset
1 " " " " 1 " " " " 1

o
3600 3700 3800 3900
M@/p T 1) [MeV/c?)
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Status of X(3872) mass

e World average and D°D%-threshold are indistinguishable.

@ Mass is a critical parameter for the D°D%«-bound state hypotesis.
e Very low binding energy: Ej;,y = 0.16 & 0.26 MeV/c?

DO

Babar (JAy © K) o

BaBar B’ '——'———'
BaBar B’ =
LHCb '

Belle
CDF
PDG 2012: 3871.68 +0.17
M(D")+M(D")
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X(3872) production studies at CMS

CMS collaboration performed detailed X(3872) production studies using the decay mode
X(3872) = Jpmt T, with JAp — utp™ and 4171 7 TeV
@ Measurements are performed in the range 10 < prx(3872) < 50 GeV and rapidity |y| < 1.2.

@ Detailed study of the dipion mass showing the decay proceeds dominantly through a
intermediate p

x10° —_— — e
> [ CMS Vs=7TeV | S [ D2 gev CMS Vs=7TeV 1
= 100 L=481" - [0 [ yieizs L=21fb" b
10<p <50GeV gata @ 12p Mers L=2 .
© r Iyl<12 Slotalnt =8 [ -+ Simulation: X(3872) - Jiy 7' (non-resonant) 1
P siagcna roun 3 10;—Swmulahcn. X(3872) - Jiy p B
= r 10 S [ ]
8 E 16 E L 4
T 60 g b b © 8- -
E g 3 :
(&) r % 2 L r -
40 i \ = 6 .
L 8 375 38 385 39 395 B r ]
L mly ') [GeV] | L B
205 4_ ___________ ]
/ . 2+ A
O L T L | MR | L L : :
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m(Jy ') [GeV] O’HIH\HH\HH\.‘H\‘H.\H."

. 05 055 06 065 0.7 075 0.8
[arXiv:1302.3968] m(r') [GeV]
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X(3872) production studies at CMS

e Ratio of the X(3872) and (2S) cross sections times their branching fractions into
JAbm e measured in function of pr.

e Fraction of X(3872) originating from B decays.

o Prompt X(3872) differential cross section times branching fraction into JAp7" 7~ and
comparison with theory prediction.

o 012y
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