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O Introduction

© Recent LHCDb results on exotic hadrons and Doubly heavy
baryons:
Results from Exotic hadrons
Results from Doubly heavy baryons

O Summary



Success of the constituent quark model

© Quark model, introduced by Gell-Mann and Zweig, in 1964

% Construct numerous hadrons using quarks
> SU(4) and SU(5) to include new quarks: charm (c), and bottom (b)
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Exotic hadrons

O Exotic hadrons: anything beyond meson (qg) and baryon (qqq)
scheme

© Could be various multiquark states, hadron molecules,
glueballs, hybirds ...

© First seen by Belle in 2003  Phys. Rev. Lett. 91, 262001 (2003)
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Exotic zoo
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No clear pattern seen yet

S.Olsen,T.Skwarnicki, D.Zieminska, Rev. Mod. Phys. 90, 15003 (2018)
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Theoretical models

O Lots of predictions within different theoretical models

Tightly bound - o Meson Hadro-
tetraquarks Diquark-onium molecules quarkonium

® @ @

© Not only to find new exotic hadrons, but also to determine their
gquantum numbers
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JINST 3 (2008) S08005

L H C b d ete Ct 0 r IJMPA 30 (2015) 1530022

© LHCDb is a forward

spectrometer suited for b, ¢
hadrons: 2 <n <5

© Momentum resolution:

2 0.5% at 5 GeV, 1.0% at 200
GeV

O Excellent t_rack and vertex
reconstruction

© Good particle-ID
separation

2018/12/21 Exotic and doubly heavy baryons at LHCb 7



Exotic hadrons
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ZC(4100)_ |n BO —> nc(ls)K-l_T[_ arXiv:1809.07416

O Understand pattern of Z_, states
» 7.(3900)~ seen by BES Ill, and Belle in Y (4260) » Z- (- J/¥Yn )n*

© Charmonium-like charged stats: exotic
O n.m~ accesses ¥ other than 17, that several Z_ confirmed to

be

Submitted to EPJC
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https://arxiv.org/abs/1809.07416

BO RN nc(ls)K'l'n_ S|gna| arXiv:1809.07416

Submitted to EPJC

O L=4.7fb~1, including Run-1 + Run-2 (2011-2016) data
O Multi-stage signal/bkg separation fits in m(ppK *7~) and m(pp)
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BO N nc(ls)K'l'n_ 2D mass fit arXiv:1809.07416

Submitted to EPJC

© Unlike narrow J /¥ ,%¥(2S), n, has I'y~ 32 MeV
O 2D fit in m(ppK*n~) and m(pp)
© Dalitz analysis: K* resonances + “non-resonant” K and pp S-waves
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Evidence for an exotic Z,.(4100)"

arXiv:1809.07416

© Good description in all variables after adding an exotic Z, component
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Search for beauty teraquarks: X, ;.7

JHEP 10 (2018) 086
© No hadron containing > 2 heavy quarks has been observed so far

© Theoretical prediction:
> Mass within [18.4, 18.8] GeV, o x B(YI*1™)~1fb
» Typically below 1,7, threshold: could decay to Y1t~ (I = e, u)

> Lattice QCD calculation do not find evidence for this state Phys. Rev. D97 (2018) 054505
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g 600 \ 1 » Mass range : 17.5-20.0 GeV
S 40f \ 1 > Run-1+Run-2 data
Lc)% 200: N\ -
0
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https://link.springer.com/article/10.1007/JHEP10(2018)086

Search for beauty teraquarks: X, ;.7

JHEP 10 (2018) 086

O Cut-based selection, with /¥ mass veto
O Y(15) yields after selection (+2.50 region): ~6 x 10°
© No significant excess is seen in data, upper limit are set
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https://link.springer.com/article/10.1007/JHEP10(2018)086
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Studies of =.. by SELEX experiment

o SELEX (Fermilab E781) claimed observation of £}.(ccd) in

EX. > ATK nt and £f. - pDTK~ decays
» Short lifetime: 7(£1.) < 33 fs @90% CL, but not zero (d
: Er)XBF(E~AfKnt
» Large production: R = 7(5cc) 0(( Aci) KT 20% @@
C
» Mass (combined): 3518.7 + 1.7 MeV —_—
“cc
5l > AZK"m" PRL89(2002) 112001 =/~ pD'K~ PpLB 628 (2005) 18
& 8 - E 4 peak maSS'thK_4-bin Poisson Prob
'%7 - %3.5‘ 3516 MeV 1l <64ax10®
= 6 - Yield:15.9 g, [} Weto
Qs - |
2 4- || Yield:5.62
] 0 n I ﬂ
\ ﬁ[llf[ HH =t rﬂh I No confirmation from other experiments
O34z 247 352 a7 362 MJUUUH HH H \_H_H_‘ HL
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Observation of =/

Phys. Rev. Lett. 119, 112001 (2017)

OFtY > ATK "™ observed by LHCb using 2016 data

» Signal yield: 313+33 2 180F [ Hcp 13 Tev ' E
2 160 F | 3
» Local significance > 120 - 140 E +¥a:a1 3
5) - —lota n
5 . . S 120F ... Signal | 3
* Decaying only via weak g & ---Blagcri(aground | b
interaction E 80F '
g - + el-- =
ot :
— ob— . . T SO T RO T .
e 3500 3600 3700
2]
3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A}) MeV/c? Meana(Zee ) [MeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.112001

Phys. Rev. Lett. 121, 052002 (2018)

=+ [ifats
=z lifetime

O Inconsistent with zero in the observation paper

O A lifetime measurement is critical:
» To confirm it is a weak decay
» Necessary ingredient for theoretical prediction of BR
» Important information for experimental exploration of Z.*
» To test various predictions from QCD model

Decay time measurement:

Phys. Rev. Lett. 119 112001 (2017)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.112001
http://arxiv.org/pdf/1806.02744

' Phys. Rev. Lett. 121, 052002 (2018)
Mass fit

Yields: (2016)

_ . . . =+,
O Signal: Double-sided Crystal-Ball + Gaussian ~ Zcc : 304£35
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O Background: 2"9 order Chebychev
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http://arxiv.org/pdf/1806.02744

Lifeti me fit Phys. Rev. Lett. 121, 052002 (2018)
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http://arxiv.org/pdf/1806.02744

F.-S. Yu et al., Chin. Phys. C 42, 051001 (2018)

m++ ot
Searchfor 2" - Eim

O gtY - Efw™: one of the best channels to confirm Z%*
S BR(:';"C'" > EXnt) ~0(1%)  Prediction
?» BR(AF - p"™K 1 ")~(6.35%), Measurement
BR(Ef —» p"K™n™)~(2%) Prediction
» Fewer tracks (4 tracks) = higher efficiency
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MaSS flt Phys. Rev. Lett. 121, 162002 (2018)

Yields: (2016)
E+mt:91 + 20
A7K nttmt: 289 + 35

O Signal: Double-Sided Crystal-Ball + Gaussian
© Background: Exponential function
O M(SC+C+) = M(:c+ +) M(:ch) + Mppg (:c+)
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http://arxiv.org/abs/1806.10793

M easu red resu ItS Phys. Rev. Lett. 121, 162002 (2018) @@

© The measured Z/;" mass is (with ™ channel): Zec
3 3620.56 + 1.5 (stat) + 0.4 (syst) + 0.3 (5}) MeV/c?

Confirm previous LHCb observation of Z}}

=+t =gt t
e —ATKTTTT

© Ratio of branching fraction is defined as

Tt mtgt
Eit=En

B(Zi+ — =rnt) B(EF — pK-n)

= X LHCb —>—— Combined
Bzt — AFK—ntnt)  B(AF — pK—77) T R R 42T
N(E=tnt) e(AFKmtn™t) 3618 3620 3622 3624
T N(AFK-7txt)  e(Erwt) M(EL") [MeV/c?]

R =0.035+ 0.009 (stat) + 0.003 (syst)
7 consistent with prediction
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http://arxiv.org/abs/1806.10793

Summary

© LHCD detector is designed for the heavy flavour physics

© The exotic studies sector is rapidly developing
> Many new states confirmed, or waiting for confirmation
» Still a large area for studies: both experimental and theoretical sides

O LHCb has made significant progresses in the study of: ="

» [PRL 119, 112001 (2007)]: Discovery of 5+

» [PRL 121, 162002 (2018)]: Confirmation of the discovery of Z}*using =7 channel
» [PRL 121, 052002 (2018)]: Measurement of Z1.* lifetime: long lifetime as expected

Stay tuned for new results !




Backup

2018/12/21 Exotic and doubly heavy baryons at LHCb 25



Integrated Recorded Luminosity (1/fb)

LHCb integrated luminosity

2018 (6.5 TeV): 2.19 /b 5

2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /b | 2_018 2012
2016 (65TeV): 167/ | Ry [ m— T
2015 (6.5 TeV): 0.33 /b 5 :
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /fb

A%]
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—_ —_ o
oy oo —
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L ]
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Month of year
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Today's talk with
2016 (1.7 fb™1)
data

Thanks to the LHC team!
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Comput. Phys. Commun. 208 (2016) 35-42

L H C b t” g g er Int. J. Mod. Phys. A 30, 1530022 (2015)

© Run real-time alignment and calibration of
the detector

© Data buffered out of first software trigger
stage

| © Second software trigger runs
asynchronously

O Permits Turbo real-time analysis strategy
Buffer events to disk, perform online » Candidates reconstructed at the trigger level

E Software High Level Trigger

displaced tracks/vertices and dimuons

Partial event reconstruction, select j

.H

detector calibration and alignment, PID

L1 j saved directly for offline analysis + (online

alignment and calibration)

Full offline-like event selection, mixture
of inclusive and exclusive trlggers

12 5 kHz (0.6 GB/s) to storage The first two analyses of today’s talk benefit from the Turbo stream.
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Weakly decaying b-flavoured pentaquarks

PRD 97 (2018) 032010

O Skyrme model: heavy quarks give tightly bound pentaquarks

_)_@ ‘P (b) b% “bing
P+BSP ISJ—,_\ }q)
u—:QL\ }p

O Search for mass peaks below strong decay threshold

+
PBop

NN
CXZZW
A A

|
i

Mode Quark content Decay mode Search window
I bduud Pgop — JWKtr—p  4668-6220 MeV

11 buudd P_ = JWK 7 p 4668-5760 MeV
I11 bduud PIO L= JWK - rtp  4668-5760 MeV
1A% bsuud P+ — Jhpdp 5055-6305 MeV

O Upper limit on production ratio o - Bwrt A) - J /YK p
o(pp = PpX) - B(Pg — J/i X)

R =
o(pp — AX) - B(A) — Jhb K—p)
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PLB 590(2004) 185;
PLB 586(2004)337;
PLB 331(1994)362
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032010
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Weakly decaying b-flavoured pentaquarks

© No evidence for signal, 90% CL upper limits are set for the ratio
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032010

Hadron spectroscopy @ LHCb

1010 /\ 1(()6 P(cj* -)J/\I)Jp 1010 BC 1040 Ebe
A\, decays 108 X(3872)>) /1T
1010 B (Prompt) | 10° Q.. |
10" 10 10 300
L | : 1 1 L1 11 I |
"Run3 |Runé Run 5
I T T | T 111 I I
10° 300
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Integrated Luminosity [fb™]

..to be continued
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Search for dibaryon state oHYS, LETT, 8764 (2018) 101

O A dibaryon state [cd][ud][ud] could be produced in A} decays

+o o+
to final state AL pp L maiani, et al. PLB 750 (2015) 37 }
{ d
v K&

: d _
© LHCDb has discovered the . c (P& Acmp
0 — AO{ u > D u

decay A}, » Afntpp b e . 4
R areananranrnn B I
% E (a) — Total % 40:_ Z"CO _:
= 150 = { Data
3 - 3 30:— — Total —:
E 100 L E | ] g0 Background -
é N _cg 20 IV AYT -
3 i 5 | IOSAT - ]
S S0r S 10F _
@) : @) i .

R R 7= — 0- 2700
m(Appr 7)) [MeV/c?] m(A 7 ) [MeV/c?]

2018/12/21 Exotic and doubly heavy baryons at LHCb 31


https://arxiv.org/pdf/1804.09617.pdf

Search for dibaryon state oHYS, LETT, 8764 (2018) 101

© Ratio of branching fractions
B(AY) — Afppr™)

= 0.0540 %= 0.0023 = 0.0032

B(A) — Atm—)
O No obvious dibaryon peak in m(Afn™p) spectra

D) S S . ~ T T & [T
§ 60; %aI;ICb :SD:uation M H ] § 4; &P)ICb - § IOLEP)ICb L

w40 — " B j P I
E 20 ?*]r *f 5 2:_ el ettt T _ 5 I J* . ‘+H { ’
VA I RTne T R ]
0 ;*trf:*mj’m ! 4 o} ++ | by 0 ‘+ ﬁ#ﬂ\lﬂ“ m Fﬂ
3500 2000 4500 3500 4000 4500 3500 4000 4500
m(A* 7 p) [MeV/e?] m(A* T p) [MeV/c2] M(A*Z p) [MeV/e?]
All signals 20 region signals >0 region signals
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SELEX result in tension with predictions

© Models to determine masses of ground state and excitations:

¥ (non-) relativistic QCD potential models, triple harmonic-oscillator potential model,
QCD sum rules, bag model or quark model ...

. : —~+,++ : e
+Predicted Z;." " masses in range 3.5 — 3.7 GeV,
+Masses of 5. and £X* only differ by a few MeV due to u, d symmetry ®@
> 3750 Cp
_ =cc

g - Predicted =,; " mass O .
3700 -------------- ST —
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No confirmation from other experiments

O Fixed target: FOCUS (Fermilab E831) Nucl. phys. Proc. suppl. 115 (2003) 33

» Studies charm hadrons produced in photon-nuclear fixed target
collisions

O Electron colliders: Babar, Belle sagar: pro 74 (2006) 011103 Belle: PRL 97 (2006) 162001
» Large A/ yields, 0.6 (0.8) M at Babar (Belle)

JHEP 12 (2013) 090

© Hadron Collider: LHCb _ — " ﬂ

b SELEX gk,

T

400 .500 600 700 800
dm [MeV/c?] dm [MeV/c?]
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Selections

OAt-» pK—n™:
+»p, K™, " tracks: positive particle ID, not produced from primary vertices
» At: good vertex quality, separated from primary vertices

+p,K~,n* tracks and A} have large pr

O Multivariate Selection:

x10°
45 E_ LHCb Preliminary
- 2016 Prescaled data
40 A: - pKart

35 - Signal: 6 million

_ 10% data for plot

Candidates per 9 keV/c?

PV 60 M fully reconstructed
+ — 4+ 2260 2280 ) 2300 2320
A7 — pK~n™ signal decays oK 7t mass [MeV/c]
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Mass spectrum

O A significant structure in right sign (RS) combinations
© Not present in wrong sign (WS) combinations

O Not observed for At background candidates

O Distributions similar except the peak in RS

L 350F L “9005—'""""""|—f
> F LHCb 13 TeV ] > LHCbI13TeV E
é’ 300 | - 2 800 F =
= 2505_ —Data RS 1 T 700F Signal =
5~ F +DataWs 1 R600E [[[]Sideband 3
Sogpf i Data SB @ - .
3 » = 500 —
= - =) = =
2 150 F S 400 | 3
'g - g i | :
O 100F @) 3005— : E
3 200 PSS 3
0.l..l....ll.l.l.l.ll....' O:"' . WAYATAYA AY I |1 =
3300 3400 3500 3600 3700 3800 2250 2300 2350

m, (Ze0) [MeV/c?] (A)) [MeV/c?]

cand
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Mass fitting

© Signal yield: 313 + 33

© Resolution: 6.6 + 0.8 MeV, consistent with simulated value

© Local significance > 120

%, 1 T ] T e
> 180F 1HCb 13 Tev :
= 1601 E
o 140f HPu =
5 - —Total
120 Signal
£ 100 ---Background
=) u
gt
O 60K
40
20 |
) —— R CAEC ST
3500 3600 3700
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m_, (E.) [MeV/c?]
2018/12/21
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(> 120) after requiring t > 50;.
Exotic and doubly heavy baryons at | |t is indeed a weak decay.



Compared with SELEX results

O Large mass difference: m(E;)  ucp — M(EZ)spex = 103 + 2
MeV

» Inconsistent with being isospin partners

O Production: N(Z..)/N(A{) much smaller in LHCb result

, 350 Fr T T

|
- LHCb 13 TeV .
2 300F 3

0 MeV.

S 250 =

pe

2 200

S 150F SELEX | [fo At
O 100k Scc T 3
L L -

ate

andi
1
+

50 ™7 | 3

3%00 3400 3500 3600 3700 3800

m and(X;"—C—’_) [MeV/CZ]
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Analysis strategy

O Same data sample, event selection as previous =} observation

Specific trigger requirement to simplify trigger efficiency determination
Signal yields (2016): 313 - 304

O Measure decay time distribution relative to A) - A}mntnm~
Acceptance correction based on MC

O Weighted unbinned maximum likelihood fit (sFit) v.xie, arxiv:0905.072

t t
€Eo++ _<T...++ T 0)
_ = cc E A
ng-c+ (t) = ng (t) X EAg X e cc b


https://arxiv.org/abs/0905.0724

. @ W
Predictions: long lived Z¢; OO0 06

o Predlcted T(£) in range of [0.20, 1.05] ps Eee P
» Diquark model, effective constituent model, NRQCD potential model,
harmonic oscillator model ...

» Significant non-spectator contribution from Pauli-Interference diagrams

W-exchange Pauli-interference
c v c c d c
d 5 u u
¢ c > c
( =+
OT(Ei)~3 — 4 T('-'cc

> Destructive Pauli interference in £}t decays
» W-exchange between c and d quarks only in £Z, decays
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Lifetime fit 0o

t t
€+t _(1-; T ) T+
foio @ = fp(®) x == x e "5 "0 c

= (g1 = 0.256"39%4 ps

Candidates / (0.095 ps)

0.5 | Il.5llll-2
Decay time [ps]
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Systematic Uncertainty

O Binning:

Source Uncertainty (ps) \ , _
Signal and background mass models 0.005 ? Systematics dL_Je to bmn_ed
Correlation of mass and decay-time 0.004 acceptance estimated with pseudo
Binning 0.001 experiments
Eata—smiulftlmtl dlﬁe;'eélces 88(1)111 O Resonant:

esonant structure of decays . N _ .
Hardware trigger threshold 0.002 Welgm_ MC to match M(K~n"n™)
Simulated =7 " lifetime 0.002 (for £¢.7), and On et
AP lifetime uncertainty 0.001 M(n~ ¥ ™) (for A;) distributions
Sum in quadrature 0.014 In data

Measured results: ~ £(Z7:") = 0.2567) 055 (stat) + 0.014 (syst) ps
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Cross-checks and Results

© Various cross-checks had been done: no evidence of other effects

—~——

» Charge: Z7f vs. B
> Magnet polarities: Down vs. Up
> Number of PV

O Binned y* fit: consistent with nominal result

O A} lifetime using simulation-based acceptance correction,
consistent with PDG Value

Confirmation of £/ with £ " channel
First measurement of £ lifetime: weakly decay @@



F.-S. Yu et al., Chin. Phys. C 42, 051001 (2018)

Ern™ Prediction

T
B(EH »Ernt)= (3633; ) x7.2%.
S

B('=‘+—>pK—n+)= 2.24+0.8)%.

as B(Er — pK )/B’(E:r — pK—ntt) = 0.544+0.10 [33].
Besides, the relation A(Z — pK*O) = A(Af — TK*?)
holds under U-spin symmetry. With the measurement

of B(AF — X+tK*%) =(0.36+0.10)% [34], the branching

"—‘++ 3 s 7-'_'2-‘3+ ~
BEL -5 (2455)K ) = (oo ) x (38 24.6)%(, |
11
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Signal and control channels

O Signal channel: ZX" - =fnt, with &F > pK—n?
© Control channels:
Y EXT > ATK T, with A7 - pK—n*
3 A% RN /12,'7'["'77:_71'_, A% - /12._77,'_, with /12._ — pK_7T+
A‘,’, data is used to calibrate trigger efficiency, and life time measurement

=++ — At — ot
EfontEf (- pK nt) Eee > K n'n"Ac (> pK n™)

Signal channel Control channel

~
o
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Event selection

© Hadron trigger: hardware trigger (p, K, ), and high level software
trigger (=)

O Final state hadrons, p, K, r: particle ID, not produced from primary
vertex (PV)

O Ar or £: good vertex quality, separated from PV

O Multivariate selector is used to further suppress the backgrounds
» pr, decay angle, vertex fitting quality, IP x?2, flight distance
Eeet o EC (- pKTT)
As a follow-up analysisof £/ > ATK 't n™,
ElS - Efm? has similar selection cuts I
PVQ =

as in previous analysis. M
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Mass measurement

O The measured £ mass is (with £ ™ channel):
» 3620.56 + 1.5 (stat) + 0.4 (syst) + O 3 (E}) MeV/c?

O Consistent with £ - AYK~ntn* result:
2 3621.40 + 0.72 (stat) + 0.27 (syst) + 0.14 (A}) MeV/c?

O Combined results:
> 3621.24 + 0.65 (stat) + 0.31 (syst) MeV/c?

(@]

R + =gt gt
e S ATKTTTTR

mHt . mt gt
Eit—En

@}

Confirm previous LHCb observation of E}}

LHCb °

Combined
| I I I |

3618 3620
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Branching fraction measurement RO
O The ratio of branching fraction is defined as: B

B(=ZfH — =fn™) S
B(=i+t - A K—ntnt)  B(AF — pK—nt)
N(Zrn™) e(AFTK—7mrr™)

N(AFK-m+at)  e(Efrt)

R:

No direct branching fraction measurement
of £f - pK~m* from experiments.

© Measure the signal yields and efficiency for each channel

OR=0.035+0.009 (stat) + 0.003 (syst)
» Consistent with prediction
2018/12/21 Ex F.-S. Yu et al., Chin. Phys. C 42051001 (2018) 48



Uncertainty

i i
Zoe — Z.1 channel

Source Mass [MeV/e?]  R(B) [%)]
Momentum calibration 0.38 —
Selection bias correction 0.10 —
Fit model 0.05 5.2
Relative efficiency — 6.5
Simulation modelling — 1.2
Selection — 0.7
Sum in quadrature 0.40 8.5

With limited statistics of both signal and control samples, the
dominated uncertainty is statistical uncertainty (1.5 MeV, 0.009)
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