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e introduction

e pentaquark studies

e search for weakly decaying b-flavoured pentaquarks
e search for dibaryon states

e future perspectives

All the presented analyses used the 3fb~! sample collected by LHCb in Run 1

Exotic Spectroscopy at LHCb Giovanni Cavallero May 7, 2018 2/20



Introduction
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.015003

Exotic Spectroscopy

e searches for exotic hadrons in the light-quarks spectroscopy sector are
complicated by the presence of broad and overlapping states

o the discovery of states in the heavy quarkonium spectra having mass,
electrical charge and/or decay properties inconsistent with pure ctC or
bb states could be identified with non-standard quarkonium like states

e lack of good understanding of the nature of these states implies that more
theoretical and experimental work are required

e discovery of and searches for new exotic hadrons will improve our
knowledge of the non-perturbative QCD regime and they will have an

indirect impact on searches for New Physics

o the excellent performance of the LHC and of the LHCb detector allowed to
obtain important results in the exotic spectroscopy sector

o especially the discovery of two pentaquark candidates by LHCb
triggered a lot of interest and new searches for exotic candidates
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Pentaquark studies



A? — J/1pK~ decay channel
[PRL 115 (2015) 072001]

e decay mode with unexpected large yield (~ 26000 events) and low
background rate (5.4% of combinatorial background within £20 of the

peak)
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Reflections from A* states or |P:r>f = |uudcc) resonance(s)?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001

Amplitude fit
[PRL 115 (2015) 072001]
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e helicity formalism to perform the \o110)

full 6D amplitude fit to
mMpK, On,, O, i, Oy, P

e dynamical amplitudes given by
relativistic Breit-Wigners plus the
Flatté parameterization for the
A(1405)

e well motivated A* states and
decay amplitudes allowed

e new A) — P} K~ decay sequence
allowed to interfere with
A — J/9pA* chain
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001

Properties of the pentaquarks
[PRL 115 (2015) 072001]

e two interfering P states with opposite parities are necessary to obtain

good fits
State Mo [MeV] Mo [MeV] JP
P.(4380)" @9 & 4380 + 8 4 29 205+184+8 37 (3,3
P.(4450)" @ 12 0  4449.8+1.7+25  39+5419 P53

B(A) — PF(4380)K™)B(PF — J/vp) = (2.56 +0.22 + 1.287948) x 107°
B(A) — PX(4450)K ")B(PS — J/vyp) = (1.25 £0.15 +0.337522) x 107°
e resonant character:
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Model-independent approach

[PRL 117 (2016) 082002]

e large density of predicted A* states, possible presence of nonresonant pK~

contributions or X excitations = model-independent approach to assess
the level of consistency of data with the A) — J/%A* null hypothesis

e 2D method using the information contained in (mpxk, cos Oa«) with minimal

assumptions on the spin and lineshape of pK~ contributions
o expand the cosfx~ distribution in Legendre polynomials
Lmax(mpK) = 2Jmax(mpK)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.082002

Results of the model-independent approach
[PRL 117 (2016) 082002]

e generate events flat in (mpk, cosOa+), apply the 6D efficiency correction
and weight them by the mpx and Legendre moment distributions

e hypothesis test through likelihood ratio
using pseudoexperiments (H:: L < 31)
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N* reflections alone cannot describe
the decay dynamics
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It demonstrates at more than 9o that A} — J/4¢pK™ decays cannot be
described by pK™ contributions alone
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.082002

Confirmation through the I\g — J/4pm~ decay channel
[PRL 117 (2016) 082003]

e exotic contributions (two P} or Z.(4200)~ — J/vm ™, or both) are
required to obtain an acceptable fit in the m,. > 1.8 GeV region

Mpr > 1.8 GeV
— T T
% “OF (b) LHGCb
S 35F —=— Data B
o —— RM N*+Z,+2P,
n 30F o EMN?
= o5F B P, (4450)
%) x> Py(4380)
% 20 e Z,(4200)
> 15
10
5L
0

4.5 5
m,, [GeV]

e the significance for the model with 2 P} and no Z.(4200)~ is 3.30
o the significance for the model with 2 P} + Z.(4200) is 3.10
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.082003

Observations of I\g — Xc(1,2)PK™ decays
[PRL 119 (2017) 062001]

e test the hypothesis of P.(4450)" as a kinematic effect of the rescattering
from xc1p to J/¢p [PRD 92 (2015) 071502(R)]

e approach challenged by [PRD 94 (2016) 074039]: reduced strength of the
Xc1p threshold peak given the favoured J” assignments for the P.(4450)"

o first observation and measurement of the branching ratios
e reconstruct xc; — J/9y

e waiting for more statistics to perform the amplitude analyses

B(AS — xe1pK ™) LHCh
B(AS — J/4pK)

= 0.242 4+ 0.014 £ 0.013 - 0.009

Aoy K
A PK
— = Comb.

Events / (5 MeV/c?)
g

B(A; = xe2PK ™) 40
B(A — J/vpK—) 208 b,

= 0.248 + 0.020 + 0.014 4+ 0.009 S50 5500 5550‘\ ] \5600/ 5650 500
m(}(dpl(f) [MeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.062001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.071502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.074039

Search for weakly decaying b-flavoured pentaquarks

[PRD 97 (2018) 032010]

e Skyrme model has been used to predict that the heavier the constituent
quarks, the more tightly bound the pentaquark state [Phys. Lett. B 331
(1994) 362], [Phys. Lett. B 590 (2004) 185], [Phys. Lett. B 586 (2004) 337]

e search for long-lived pentaquarks with a lifetime of the same order of other

B-hadrons

o open-flavoured pentaquarks where the b quark decays via the weak

interaction
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032010
https://www.sciencedirect.com/science/article/pii/0370269394910650?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0370269394910650?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269304005726?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269304003314?via%3Dihub

Analysis strategy
[PRD 97 (2018) 032010]

e focus on modes involving a J/1 in the final state because of the relatively
large efficiencies and reduced backgrounds in the LHCb experiment

o restrict the search to below the threshold mass for the corresponding
strong decays
e measure the product of production cross section and branching ratio with

respect to A) — J/1pK~ measured by the LHCb Collaboration [Chin. Phys.
C 40 (2016) 011001]

Quark content Decay mode Search window [MeV]
bduud Pgop — J/YKTnp 4668-6220
baudd Po = J/YK mp 4668-5760
bduud Procs = JIWK—ntp 4668-5760
bsuud P;'gp — J/yop 5055-6305

e states labelled with a subscript indicating the final states the pentaquark
would predominantly decay into if it had sufficient mass to decay strongly
in these states
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032010
http://iopscience.iop.org/article/10.1088/1674-1137/40/1/011001/meta
http://iopscience.iop.org/article/10.1088/1674-1137/40/1/011001/meta

Upper limits on weakly decaying pentaquarks
[PRD 97 (2018) 032010]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032010

Search for dibaryon states



Search for dibaryon states in /\g — Nrppm~
[arXiv:1804.09617]

o if diquarks are good building blocks to assemble hadrons, the missing
structures to discover are dibaryons [Phys. Lett. B 750 (2015) 37]

o the lightest charmed dibaryon D} = [cd][ud][ud] with a mass below
4682 MeV could manifest via A) — pD decays

e the D could proceed either via string breaking to the pP2(— A7 ™) final
state, where P? is a lighter yet undiscovered pentaquark state, or via
quark rearrangement to the pX2(— Af7 ™) final state
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https://arxiv.org/abs/1804.09617
https://www.sciencedirect.com/science/article/pii/S0370269315006504?via%3Dihub

Observation of A) — AFppr— decays
[arXiv:1804.09617]
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https://arxiv.org/abs/1804.09617

Search for dibaryon resonances in Af 7~ p
[arXiv:1804.09617]
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https://arxiv.org/abs/1804.09617

Conclusions

® a coherent picture concerning the nature and the binding mechanism of
exotic hadrons is missing and it requires inputs from both the theoretical
and experimental sides

e analyses involving both Runl and Run2 data collected by the LHCb
detector will provide a crucial role on the subject, with both eventual
observations and non-observations of new exotic hadrons

e the upgraded LHCb will be able to cope with a five-fold increase in the
instantaneous luminosity and with increased efficiencies in decay modes

involving fully hadronic final states, opening exciting opportunities for the
exotic spectroscopy sector (see Paula’s talk on Friday)

Thanks and stay tuned for new results!
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The LHCb experiment

By design: study CP-violating processes and rare b- and c-hadrons decays

® single arm spectrometer, 2 < 1 < 5: ~ 25% of bb pairs inside the LHCb acceptance
® precise primary and secondary vertex reconstruction: 20 pm for high-pr tracks
® excellent momentum resolution: Ap/p = 0.5% at low momentum to 1.0 % at 200 GeV

® very good particle identification (PID) (separation of charged 7, K and p and muon
identification) over the 10 < p < 100 GeV range



The LHCb data taking and physics

® Runl: ~ 3fb~! of pp collisions at /s = 7-8 TeV/

o Levelled luminosity: ~ 1 e Run2: ~35fb ! of pp collisions at /s = 13TeV
interaction per bunch crossing (opp o< /s = 2x bb pairs with respect to Runl)
o L ~4 X% 1032 C11172571 LHCb Integrated Recorded Luminosity in pp, 2010-2017
e g o 2077 65251 Tev 171 b1 010/ 2012
o LHC Fill 2651 = 2 o 2016 (85TeV): 167 /b Y
5 L E 2015 05 Tovs 039 ’
% £ 18 o a2eoTevr2oem 2016/ J
5 ATLAS & CMS 2 16 2011 (35 TeV): 1.11 /b
] = 2010 (35 Tev): 004 /o l‘)rn17
5 3
2 10 o 12
3 [7)
g °
8 o
5 3 o8 y ,r/
g o py
5 06 / /
S 04 ’
o 5 10 e 231] 9?; 02 I/l‘_/
il duration k
= e f'x:ﬂr"!y . 1 e
%/Iar May Jul Sep Nov

Month of year

Excellent tracking and PID performance =- extended Physics programme

= not only CP violation and rare decays measurements, but also LFU tests,
exotic and conventional spectroscopy, production and polarization
measurements, EW and QCD physics, dark photon searches, p-Pb and p-He
physics, ...



Summary of main LHCb results on exotic states

e search for X(5568)~ — B27~ [PRL 118 (2017) 109904]

e observation of exotic hadrons in BT — J/9¢K™
[PRD 95 (2017) 012002], [PRL 118 (2017) 022003]

e evidence for exotic hadrons in A — J/vpm™ [PRL 117 (2016) 082003]

e observation of pentaquarks in A) — J/1pK™

e model independent analysis [PRL 117 (2016) 082002]
e amplitude analysis and resonant character [PRL 115 (2015) 072001]

e Z(4430)~ confirmation in B® — ¢(2S)KTn™
e model independent analysis [PRD 92 (2015) 112009]
e amplitude analysis and resonant character [PRL 112 (2014) 222002]

e X(3872) studies

e quantum numbers measurement = JPC = 11+
[PRD 92 (2015) 011102(R)], [PRL 110 (2013) 222001]

e measurement of B(X(3872) — ¢(25)v)/B(X(3872) — J/¢7))
[Nucl. Phys. B 886 (2014) 665-680]

e mass measurement [JHEP 06 (2013) 065]

e search for new decay modes [EPJC (2013) 73:2462], [Phys. Lett. B 769 (2017)
305-313]

e direct production in pp collisions [EPJC (2012) 72:1972]


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.152003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.012002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.022003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.082003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.082002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.112009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.011102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.222001
https://www.sciencedirect.com/science/article/pii/S0550321314001941?via%3Dihub
https://link.springer.com/article/10.1007%2FJHEP06%282013%29065
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2462-2
https://www.sciencedirect.com/science/article/pii/S0370269317302344?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269317302344?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-012-1972-7#Abs1
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l\g — J/4¥pK~ amplitude fit projections
[PRL 115 (2015) 072001]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001

The model-independent approach in I\g — J/1¢YpK~ decays
[PRL 117 (2016) 082002

e 2D method using the information contained in (mpyk, cos Oa«)

e expand the cos O« distribution in Legendre polynomials:

dN Imax v
dcosOn- Z<P/ ) Pi(cosfp+) W
1=0
Nk
w; i
<P,U)’< = Z ;P/(Cos@,\*) @

i=1

o under the Hy hypothesis, pK~ components can contribute to moments of
rank up to /max = 2Jmax, Where Jnax is the highest spin of any pK™
contribution at the given mpk value


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.082002

Search for structure in the Bgﬂ_ spectrum
[PRL 117 (2016) 152003]

greater cut on pr(B?) = X(5568)~ produced in a harder process
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o p'(pr(BY) > 5GeV) < 0.011 (0.012) @ 90% (95%) CL
o p'(pr(B?) > 10 GeV) < 0.021 (0.024) @ 90% (95%) CL
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.152003

How the X(5568) would appear if ptHCt = pP0?
[PRL 117 (2016) 152003]
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Observation of exotic hadrons in Bt — J/9¢pKt
[PRD 95 (2017) 012002], [PRL 118 (2017) 022003]

added B™ — XK™ and B* — Z*¢ decay chains

e only BY — XK provides significant improvements in the description of

data

7K* + 4 X + ¢K* + J/1p¢ nonresonant components
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Observation of exotic hadrons in Bt — J/9¢pKt
[PRD 95 (2017) 012002], [PRL 118 (2017) 022003]
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o excellent agreement of X(4140)

mass with previous observations,
but width is much larger

MCDF =4143.4+£ 3.0+ 0.6 MeV,
Fcor = 15.370* £ 2.5 MeV

e confirmation of X(4274) state,

first observation of two 0" states

o K*t spectroscopy: excellent

agreement with theory and
previous experiments
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