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Heavy flavour spectroscopy

- Spectroscopy benefits better understanding of QCD

« Test phenomenological models and lattice QCD methods
- Heavy hadrons (containing b or ¢ quarks) of great interest

- LHCb experiment: a uniqgue and important lab. in
the study of spectroscopy for both conventional and
exotic hadrons
- X(3872),7(4430), P.(4380)", P.(4450)* ...

« B*,E1,E} ...

Standard Hadrons Exotic Hadrons

oo @

Meson Baryon
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LHCDb detector

JINST 3 (2008) S08005

- Asingle-arm forward spectrometer at LHC IJMPA 30 (2015) 1530022
/ / /"ﬁ g
Vertex Locator RICHs
olp = 20 pum i»"‘ E(K —) K)~95%
o, = 45 fs mis-ID e(m > K)~5%
// L EGAL HCAL " M5 \\:\\
RICH2 M M2 \ \\

cceptance
2<n<5

Tracking system
€tracking™~96%
6,,/p~0.5% — 1%(5 — 200 GeV)



Data acquisition at LHCb

. Run1: 1.1 b1 @ 7 TeV(2011),2.1fb~1 @ 8 TeV(2012)
. Run2: 0.3 b~ @ 13 TeV(2015),1.7 fb~1 @ 13 TeV(2016)

LHCDb integrated luminosity in pp
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Exotic hadrons



Pentaquarks at LHCb

- P.(4380)* and P.(4450)* observed in A — J/ypK~ decays with 6-d
amplitude analysis, and confirmed by model-independent analysis

- Evidence (3.10) of the two pentaquarks candidates in A), — J/ypm™

PRL115 (2015) 072001 PRL 117 (2016) 082002 PRL 117 (2016) 082003
§800 B < F— 1 T T
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- Other channels
« Observation of =, = J/YAK™: pentaquarks with open strangeness

« Observation of A(l)) - Xe120K™ (in details) PLB 772 (2017) 265-273
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Observation of A}, = x4 K~

.+ P.(4450)* near the y.,p threshold
- Test phenomenological models of pentaquarks

- Data sample: 3.0 fb~! pp collision data at 7 and 8 TeV

- Search for A} —» y.;pK~, where y.; reconstructed with J /iy
- m(J/yy) is constrained to m,,

+ B(AY - xe1pK™) = (7.3+£ 04+ 0.4+ 0.655)x1075
+ B(A} - xe2pK™) = (7.5+ 04+ 0.4 + 0.615:2)x107°

LHCb

— = Comb.

Candidates / (5 MeV/c?)
g

—da
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285 + 234
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PRL 119 062001 (2017)

Useful for future investigation
of the two observed
pentaquark candidates:
P.(4380)* and P.(4450)*



Confusing J /Y ¢ structures in BT - J /YK~

- Evidence or observations of X(4140) from CDF, DO and CMS

CDF,OMPL A32 (2017) no.26 1750139

D0, PRD89 (2014) 012004

CMS, PLB734 (2014) 261
- A B

~ 1 300 ————
2 19 + 6 (> 50) sl - DO Runll, 104 fb” +Data (€)| 37| 310470 (> 50) %, :
s. 8} 22+8(3.10) % - 52+ 19 (3.10) — Full Fit Q%0 o lhrcﬁ-gogxczﬁa(%gbggg_z
Te = 1 - X(4140) | e A By )
& o .-X(4330) 2 f
5 4 ; 2 PHSP 1003 3
3 Q \ o S e el
3, > ) + | Ll = Siliee
S i, o4
o M1 42 43 44 45 e e
m( K 'K)-m(up) [GeVic?] M(J/yK*K) (GeV) Am [GeV]
Mass [MeV] Width [MeV]
+2.9 +104
CDF 4143.4%53+ 0.6 15.3729% + 2.5 Narrow peaks
DO 4159.0 + 4.3+ 6.6 199 + 12.6139 with large
CMS 4148.0+ 24+ 6.3 28715 + 19 uncertainties

- Negative results from Belle, LHCb (0.37 fb™

1) and BABAR

- No amplitude analysis conducted in the above results
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Observation of | /¢ structures

Data sample: 3.0 fb~! pp collision data at 7 and 8 TeV
First full amplitude analysis of B - J/Y¢pK ™~

s . - . PRL118 (2017) 022003
Kaon excitations alone insufficient to describe data  prp 95 (2017) 012002

- Four resonant X states needed > F
_ Z 120F + + LHCb
> I < -
2 120F £ 100f
S F = F
£ F 2 80X (4140)
2 sof © F '
“ C 60
60 C
40:— 40
20 20F
0700 4300 43003003300 G000 3700 4800" ; 5
My (MeV] 0 4500 4600 4700 4
M,y [MeV]
Signif. M, [MeV] I, [MeV]
X (4140) 8.40 4146.5 + 4.5158 83 +21%%} = Width much larger
X(4274) 6.00 42733 +83%1%%2 56+ 11%%, " Larger data samples
X(4500) 610 4506 + 11*12 92 + 2131 required to resolve
this issue
X(4700) 5.60 4704 + 10735 120 + 3133
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X(5568) reported by DO

- DO reports a narrow structure at 5568 MeV in Bt spectrum with

0 ' “1yp isi
B = J/Y¢, using 10.4 fb™" pp collision data DO, PRL 117 022003 (2016)

F 90
2000 [~ K] F A
a 4 DO Run I, 10.4 fb . sof N(X) =133 i 31 DO Run Il, 10.4 fb
o~ 0 J— 2 — .
§ F N(BS) - 5582 i 100 % 70 — Il?il:vT:;\thbackgroundshapeﬁxed
0.) 1500 — = F --. Background
2 o) 60 :— ............... Signal
& £ s }
~ ro) =
P 1000 % 40 E- 3 L +
c = = +
S ! 0 ATt 4 4
500 | =
z PEF Ty
oEhd /o }
Lo i L o b T \ ! ! ! !
4.8 5 52 54 56 5.8 6 55 5.55 56 5.65 57 5.75 5.8 5.85 5.9
m (J Iy 0) [GeV/c?] m (B% 1t*) [GeV/c?]

- Significance: local 4.80 and global 3.9¢

- My =5567.8 +2.97-3 MeV

« Ty =219+ 64159 MeV

- pP9=(8.6+19+1.4)%

- Significance varies a lot with or w/o the cone cut \/Anz + Agp? < 0.3

- DO also reports consistent results in Bdn* spectrum with B —» u*D; X
PoS ICHEP2016 (2017) 589 11




X(5568) search at LHCDb

Pull Candidates / (5 MeV)

- LHCDb searches with 105,800 BY combined with £
- No signal is observed with 19 times more B? than DO

. Upper limits on p“HCP set as function of mass corresponding to

different width hypothesis

« plHCP[5 (BO) > 15 GeV] < 0.02 @ 95% C. L.

- Claimed X(5568) state

= LHCb p_(BJ) > 15 GeV
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Conventional hadrons



2?2 baryons

- Limited knowledge of charmed baryons
- No excited 27 states were observed before LHCb
- Mass of resonances above the =Z.K threshold

2.96 GeV

PRL118 (2017) 182001
S A )"
”“”‘M“"’n/za,‘ %jf
A

p P D D D D D D

2 2 1 1 2 2 3 3

35 1+ 3+ 3 5+ 5+ T+




Five new narrow 2? states decaying to 57K~

- Data sample: 3.3 fb~! pp collision data at 7, 8 and 13 TeV

. EX combined with a K~ from primary vertex

.« =} reconstructed with pK ™
- £t also combined with K* to form wrong-sign(WS) candidates

- Five narrow structures observed PRL118 (2017) 182001

« No peak in WS sample S oo T
- Steep rise near the threshold > |
Q\ L
= 80000 —— E 600_
= g |
< 60000 2 i
s 400
S 40000] O -
20000¢ Or
072440 2460 2480 2500 \O .

Lo v b e b e
mpK 7 [MeV] ~Z000 3100 3200 3300 3400
m(Z7K*) [MeV]



Five new narrow 2? states decaying to 57K~

- A binned x? fit to m(EfK ™) spectrum
- Signal: relativistic Breit-Wigner functions convolved with experimental
resolution

- Background: empirical function from WS sample

- Feed-down contributions Q,.(X)? - K~E.t, Elt > EXy
PRL118 (2017) 182001

Resonance Mass ( MeV ) I'( MeV)
Q.(3000)°  3000.4 +0.2 +£0.170:2 45+0.6+0.3
Q.(3050)°  3050.240.140.1752 0.840.240.1

< 1.2MeV, 95% CL
3065.6 + 0.1 4 0.3752 35404402
3090.2 £ 0.3 +0.5152 8.7+1.0+0.8
3119.1 £0.3+0.9152 1.1+0.8+04
< 2.6MeV,95% CL

3188+ 5 £13 > 60+ 15£11

Fit improves by including
a broad structure in the

3000 3100 3200 3300 3188 MeV mass region
m(ZTK") [MeV]

N
()
II?II
|

Candidates / (1 MeV)
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Five new narrow 2? states decaying to 57K~

- Quantum numbers to be determined through

« Possible three-body decays or decays of heavy baryons
PRL118 (2017) 182001

T 35 :
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O 3.3F ! Q~I‘2P)Q"2(2P)Q P) 7 V =
9 F E 2K
175} 32 - _Ql,,(lD).Q(l(lD).Q‘.z(lD)Q o) / —
75} - 2 o - 0
S 3 1:—'§§:::::::::::::::::::::::::::::(:)"f“:))mlpz-:ﬁ‘fi‘ég’.“
E ) E'S\\ 5.*72?»'"‘::‘?':::"":::::::::::::::::::Egl-fifii'g{if
3 p-4aeR - - - = % //7 ﬁ 5///; """""""""" — 2.G000)°
29F Tt E
28E =
2.7 E e E
= 3
2.6F -
L S p P P P P D D D D D D
J o 1 1 0 1 1 2 2 1 1 2 2 3 3
gpo 3 r r 3 3 5 1+ 3 3 > 5 7
2 2 2 2 2 2 2 2 2 2 2 2 2
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The doubly charmed baryons

- Two SU(4) 20-plets containing SU(3) triplets
« EX (ccd), EXF(ccu), N (ccs)

Mass predictions (see backup for ref.)
* Mgt = mg++ ~ 36001 100 MeV/c?

“cc

- Mass difference only a few MeV/c?

Lifetime predictions (see backup for ref.)
* Tgr+(~200 =700 1fs) > 72+ (~50 — 250 fs)

“cc

Heavy flavour spectroscopy at LHCb 9/1/17
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Previous experimental searches for =,

- SELEX experiment observed 15.9 SELEX, PLB 628 (2005) 18
and 5.6 =7 candidates in A7Kn* ”i | ATK ' and D pK
and pD*K~ spectrum, respectively § i fiedmasses | 35183 ana 35190
. Combined mass: 3518.7 + 1.7 MeV &, MeV/e’
. 7(5%) < 335 @90%C. L. .l \
. R = a(sgc)xB((jE(igA;fK—n’f) ~20%

- Negative results from FOCUS,
BaBar, Belle and LHCb (0.65 fb~1) |
experiments in different g

.46 3.48 3.5 3.52 3.54 3.56 3.58

production environments Miced)
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=+

Observation of doubly charmed baryon =

- Data sample: 1.7 fb™1 @ \/s = 13 TeV (2016)
> A (> pK nHK ntn™

—++
~cc

Multivariate selector

- Invariant mass spectrum

Significant structure at ~ 3620 MeV

No peak in wrong-sign and
A} sideband samples

Confirmed in independent data sample

S LA E
= 1805 LHCb 13 Tev :
é" 160 =
" 140 —+ Data E
5 - —Total ]
2120F ... Signal
§ 100 F ---Background
T 80f
O 60F
40 } .
20F =
0b—L R A P B
3500 3600 3700
m.,.(Zec) [MeV/c?]

arXiv: 1707.01621
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% 300
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o —Data
E 250F | Data WS B
2. 200 -+-Data SB S
Q L H | A S
5 » e 8 f E :{
TS 150 S R o g S
RN P i AELIE O T
S 100F g s -
- I T 2 ol
sof_ A .
0 .I I. PRI T SR TR TR TN (N TN SR TR SO AT TR U ST S N ST N S ]
3300 3400 3500 3600 3700 3800

M, (Z25) [MeV/e?]
Unbinned maximum-likelihood fit
Yield: 313 + 33
Local significance > 120
Resolution: 6.6 + 0.8 MeV/c?
m(EX+) = 3621.40
+0.72(stat.)

+0.27(syst.)
+0.14(A¥) MeV/c?



Observation of doubly charmed baryon

- Weakly decay signal

- With minimum decay time requirement, the structure remains highly
significant (> 120)

Candidates per 5 MeV/c?

140
120
100
80
60
40
20
0

— 1 1
LHCDb 13 TeV
—+ Data
— Total

........ Signal
---Background + __...:

—4—
o laaa g

e

N S
3500 3600 3700
m., (Ze) [MeV/c?]

=+
~cc



Observation of doubly charmed baryon £3.*

- Comparison with SELEX experiment
» m(EZ ) ey — m(E&)seLex = 103 + 2 MeV
 Inconsistent with being isospin partners

- Further studies
« Searches in additional decay modes

- Lifetime and production cross-section measurement
- Search for isospin partner =2,



Summary and outlook

- LHCDb has fruitful results in heavy flavour
spectroscopy (unexhausted)

- Observation of A) - y.1 0K~

« Observation of ] /Y ¢ structures

« Unconfirmed X(5568)

- Observation of five new narrow 2? states

- Observation of doubly charmed baryon EZ*
- More analyses with Run2 data ongoing

- Stay tuned for the upcoming results

Thanks for your attention!
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Observation of A}, = x4 K~

A) - ] /yYpK~ invariant mass distribution

‘\560005— LHCH (b)_ PRL 119 062001 (2017)

5550 5600 5650 5700
m(J/ypK ) [MeV/c?]

Relative branching fraction
« R, =0.2424+0.014 £+ 0.013 £ 0.009
- R, =0.24840.020 + 0.014 + 0.009

- where the uncertainties are statistical, systematic and due to uncertainty of
Xc12 = J /3y branching fractions

Absolute branching fractions can be acquired with
« B(A} — J/YpK~)/B(B® - ] /PK*(892)°)
- B(B° = J/yYK*(892)°)

Heavy flavour spectroscopy at LHCb 9/1/17
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Observation of | /¢ structures

- Parameterization

X X
" My O 077y, 08, BPx 1y AP g
- where 6 denotes helicity angles and A¢ angles between

decay planes

- Spin-parity

]PC

Signif. of JF¢ assignments

X (4140)
X(4274)
X(4500)
X(4700)

1++
1++
0++

0++

5.70
5.80
4.00
4.50
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X(5568) search at LHCDb

- BY > D -t and BY - J /Y ¢ decays

PRL 117 (2016) 152003

S\ - < L L LA S L B

© 6000F < 12000 E
= c s - LHCDb

™ 5000f %) 10000 = E
~ = ~ 8000 3
2 4000F 3 E ]
§ 3000F § 6000} -
5 2000F 5 4000 -
3 1000 5 2000, :
1000 2000 -
O - © - = .
O - 0 e n " | = = L ]

5300 5350 5400 5450 5500 5550 5600 5200 5250 5300 5350 5400 5450 5500
m(D; z*) (MeV) m(J/y¢) (MeV)

. pMHCP [ (BY) > 15 GeV] < 0.020 @ 95% C. L.
plHCP [ (BY) > 10 GeV] < 0.024 @ 95% C. L.
plHCb Y (B9) > 5 GeV] < 0.012 @ 95% C. L.



Five new narrow 2? states decaying to 57K~

- Selections

- £} candidates

. Proton PID requirement

o Large £+ flight-distance significance

- EZ} candidates originating from the primary vertex
- Likelihood ratio requirements

« L(X) = jilzllllnp[)P‘SL"g(xi) - lnPDFback(xi)J
- EYK~ candidates

- Originating from primary vertex

- Good vertex fit quality

- High Kaon PID probability

« pr(EFK™) > 4.5 GeV



Observation of doubly charmed baryon £3.*

- Selections

 Final state tracks
- Good track-quality
- Appropriate PID probability
- Minimum pt requirments
- A} candidates
- Good vertex quality
- Not originating from primary vertex
- EX* candidates
- pr > 4 GeV
- Multivariate selector based on multilayer perceptron

+ Maximize €/ (2 + VB)

Heavy flavour spectroscopy at LHCb 9/1/17
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Observation of doubly charmed baryon £3.*

- 2016 inclusive A, sample with 10% pre-scale
- A, inviriant mass distribution of signal sample after selections

x10°
(\l L L L L RS Fr T T T T T T TS
§ 45 LHCb Preliminary ; 900 = LHCDb 13 TeV E
2016 Prescaled data ) - " -
O 40 N . = 800 E L =
M A > pK'nt o . g’:
o 35E Signal: 6 million © 700 [ Signal g::: E
C . > -
3 30 2 600 (] Sideband ?%. 3
@25 £ 500F %% E
g » =P o
= 'S 400 3 ,0,030,«, =
'% 15 o) 300 YK
@) 200 E
100F

2260 2280 2300 2320 ) 0 E
pK TC+ mass [MGV/C ] mcand(A:) [MeV/cz]
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