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LHCb detector and performance
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The LHCb detector described in [JINST 3 (2008) S08005]

RICH: ' Muon System |

PID: primarily K, separation
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LHCb coverage 2 <1 <5
2.4% 4w angle
= 25% bb

LHCb MC
{s =14 TeV

/2
T 6, [rad]

[Int. J. Mod. Phys. A 30 (2015) 1530022]
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o, =45fs for B —» J/PY¢por Dim~

Ap/p = 0.4~ 0.6% (5 -100 GeV/c)

0, = 8 MeV/c? for B — J /X (constrainted my )
€(K-> K) ~95% mis-IDe(r - K) ~ 5%
e(u-u) ~97% mis-IDe(mr - u) ~1—3%
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LHCDb collected luminosity
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2023
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(1/fb)
o

Ity

0.008

2023 (6.8 TeV): 0.07 /fb

2022 (6.8 TeV): 0.82 /fb
2018 (6.5 TeV): 2.19 /fb
2017 (6.542.51 TeV)y: 1.71 /fb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
# 2011 (3.5 TeV): 1.11 /fb
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0.006

0.002

Integrated Recorded Luminos
3
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2010 (3.5 TeV): 0.04 /fb
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Year

a(pp - bbX) ~ 300 ub @7 TeV vs ~ 500 pub @13 TeV
~25% can be collected in LHCDb acceptance



New particles in a glance

m 62 new hadrons discovered at LHCD!

https://www.nikhef.nl/~pkoppenb/particles.html
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Selected highlights

s Conventional states
o Charm baryons: =%, Q27"

X %k

o Beauty baryons: =},

= Exotic hadrons
o Tetraquark states:

T%,(2900)**/°,T0 1 (4000)°, X(3960),

cSO

0 Pentaquark states: Pj(4338)°

Full list: https://Ihcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_all.html
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Two methods for spectroscopy

= Direct production in pp collisions = Production by a heavier particle
o Combine a heavy flavour hadron decay
with one or more light particles a Usually with amplitude analysis
o Pros: High statistics, in principle can o Pros: Low background, Better
study all states determination of J°
o Cons: Large combinatorial o Cons: Low cross-section, limited

background, hard to determine J° mass range
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Two methods for spectroscopy

= Direct production in pp collisions = Production by a B or D decays
o EXF 0 - EK 0 X(3872) JP
0 Z.(4430)
o All excited B, &£}" - Z,m; 4K 0 X(4140) ....
o P.(4312), P.(4440) , P.(4447)
a D(S)J
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The B~ - /ljﬁg K~ deCay arXiv:2211.00812

= Interesting for conventional & exotic studies
o E¥* - ATK™; exotic hadrons in AFA; and A; K~ ?
= High-purity sample, with N, = 1365 + 42
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arXiv:2211.00812
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M(ALK™) [MeV]

p—y |
Z. baryon in B decay
= 5.(2930)° found in B~ - A; AfK~ at BaBar, confirmed < 200"
by Belle —
0o
= Resolved into 5,(2923)° and £.(2939)° in prompt e 3;’ 10003 0
— =
AfK™ search at LHCb PRL 124 (2020) 222001 SN ;
500 E
= Confirmed by recent B~ - A7 Af K~ study at LHCb s e 200
o Evidence of a new £,(2880)° mM(AIKT) - m(AD - m(K") [MeV]
State Mass (MeV) Width (MeV) E 0 e 2.(2923)0 E
=,(2880)° 2881.8+3.1+85 124+52+58 T > 100
Z.(2923)° 29245+044+11 48409415 PRC non-resonant -
2,(2030)° 29385+09+23 11.0+1.9+7.5 g soF 7 peckeround | &> 100
5 60 _ .
© 40F5,(2790) :6(32280)0
Ry = BB 2 AAKT) ) oy 011 4022 + 025 * g -
= = 4.50 1T U. T U. T U. ot T R e TR
B~ B(B- - D-D*K") 0™ 380 2850 900 2950
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Excited 2, -

=t K~ states

s LHCDb observed 5 narrow states (+ a possible wide one) in 2017

m Belle confirmed the first four states
[PRL 118 (2017) 182001]

N
-]
)

i

Candidates / (1 MeV)
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3000

3100

T T

........ -4

nu

T | T T T T ]
LHCb i Mass splitting 20-50 MeV
+ 5K i :
Full fit 7] Resonance Mass (MeV) I' (MeV) Yield N,
—rull 1 .
... Backeround 1 Q,(3000)° 3000.4 £ 0.2 £ 0.1703 4.540.6+0.3 1300 + 100 =+ 80 20.4
F d%:l - Q.(3050)° 3050.2 + 0.1 £0.1793 0.8+02+0.1 970 £ 60 + 20 20.4
ced-downs <1.2 MeV, 95% C.L.
E7 sidebands - Q,(3066)° 3065.6 £ 0.1 +0.393 3.5+04+0.2 1740 £ 100 + 50 239
. (3090) 3090.2 +0.3 £ 0.5793 87+1.0+038 2000 + 140 + 130 21.1
) Q. (3119)° 3119.1 £ 0.3 £ 0.9703 1.1+£08+04 480 = 70 + 30 10.4
]l <2.6 MeV, 95% C.L.
..r i1 m”u ‘ *‘:“,» ﬂu ity rg Q. (3188)° 3188 £5+ 13 60 + 15+ 11 1670 + 450 + 360
* + ’I" Q.(3066)%, 700 + 40 + 140
+ ) Q,(3090)¢, 220 = 60 + 90
| Q. (3119), 190 £+ 70 +20
r——t -
m(=.K ) [MeV]
11



. states from 2, - E;K n~

PRD 104 (2021) L0O91102

= JPis important to interpret these states
s~ 240 (2, signals obtained

m First four (2. states are observed

= Spin hypothesis are tested

— _"|"'l'”l"'l"wnu,..,],,,ll””[ll _
E E C(3 5 )0 —4- Data E
¥ 20'_ léHfE_b — Total fit -
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175 - . .
£ 13 g 30000 | [t 23065 -
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S 10 1 -

AN A A ! L Ll )
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). states from 2,

ETK m

PRD 104 (2021) L091102

= JPis important to interpret these states

The order of J=1/2 1/2 3/2 3/2 are rejected at 3.5

_ . . State Observable Measurement
m ~240 ‘Qb S|gna|s obtained . m 6044.3 £ 1.2 £ 1.1 7933 MeV
b R 1.35+£0.11 4 0.05
' Threshold S
| FIrSt fOur 'QC States are Observed structure Significance 439
. . Significance 6.20
AM 37.6 =0.9 & 0.9 MeV
. Spln hypOtheSIS are teSted 2.(3000)° m 2999.2 + 0.9 &= 0.9 1912 MeV
“ r 4.8+ 2.1+ 2.5MeV
P 0.11 £0.02 £ 0.04
. . S J rejection | 0.50 (J =1/2),0.80 (J =3/2),0.40 (J =5/2)
> B 0 ] Significance 99c
§ - 06(3 5 ) —4- Data - AM 88.5 + 0.3 = 0.2 MeV
~ LHCb — : ] o m 3050.1 = 0.3 &= 0.2 319 MeV
2 201 9 fp-! Total fit i 2.(3050) - ~ 1.6 MV, 05% GL
= B - Background ] P 0,15+ 0.02 £=0.02
m - 0 - J rejection | 2.2e(J = 1/2), 0.1 a(J =38/2), 1.2 (I = 5/2)
% 15__ Q (3000)0 { "QC (3065) ] Significance 11.90
o= - C 0 - AM 104.3 £ 0.4 = 0.4 MeV
= - ‘ -(3090) ] (2.(3065)° m 3065.9 + 0.4 + 0.4 7319 MeV
s 10~ 1 — S r 1.7+ 1.0 & 0.5 MeV
O - ] P 0.23 & 0.02 = 0.02
] - J rejection | B6ai(J = 1/2),06a(J =23/2):1.2a(J=5/2)
5 ] Significance 7.80
- AM 129.4 1.1 4+ 1.0 MeV
@ 2.(3090)0 m 3091.0 1.1 + 1.0+31% MeV
“ r 7.4+ 3.1+ 2.8MeV
0 LA I 1 1 1 1 I | B | I 11 1 1 1 P 0'19i0~02:t0'04
20 40 60 80 10,9+}{%0 140160 180 21\(/)10\%20 J rejection | 0.30 (J =1/2),080(J =3/2),0.50(J =5/2)
m(ZcK™) —mz. —my- [MeV] 2.(3120)° P < 0.03, 95% CL

2023/6/2
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New (2. states In =

K~ final state

arXiv:2302.04733
: Res MeV T (MeV
s Search updated with full Run 1+2 data csonance m (MeV) (MeV)
2.(3000)°  3000.44 £ 0.07 T0% +0.23 3.83+0.23 TL59
o Five states confirmed £2:(3050)°  3050.18 + 0.04 (07 & 0.23 0.67 £ 0.17 3%
< 1.8MeV, 95% C.L.
o Two new states observed near =D, ED* 2:(3065)°  3065.63 + 0.06 T + 0.23 3.79+0.20 T
th hold 2,(3090)°  3090.16 + 0.11 9 +0.23 8.48 £ 0.44 T981
resnolas new 2(3119)° 311898012 *0% +0.23 0.60 + 0.63 090
< 2.5MeV, 95% C.L.
) () (3185)°  3185.1+ 1.7 FTi+0.2 5047 T
) 2.(3327)° 33271+ 1.2 F1 402 2045 19
X;lOS T T — T —T—T T 27N 14 >_<;lq3' 1 L L
=~ - ' ' ' LHCI; % e 90(3000)2 — EK
é) I 3.3 b | 2 12 57 fb! o = EmEmes 02.3050) — E'K
' = ' | T 02,3065 — EK-
2 2011~2015 = 10 2016 ~ 2018 1 ... Q.(3090° — EIK-
> - 4 iy e 2,3119° — EK-
3 > 8
§ § ol 0,(3065)° = EH—=EK"
=P S B 2.(3090) — EN(=EYK
8 8 4 02,3119 - EH—EYK
> B .(3185) - ZIK
AT . NN B 03327 - EK
O S 1, > st L 1 L 4 a1 AL vl oA 129
3000 3100 3200 3300 3400 3500 0 3000 3100 3200 3300 3400 3500
m(Z.;K") [MeV] m(ZK") [MeV]
2023/6/2 14




=, baryon spectroscopy

x Numbers of excited b-baryons have already
been discovered

o E5(5945)°

> Bt [CMS’12]
0 £5(5935)7, 55(5955)" > &

= m~ [LHCb’15]

~ 0
o ], not yet observed
Neutral =
ﬂRL 108, 252002 (2012) JHEP 05 (2016) 161

% 16: s . - .
~ 14 ;— pp, Vs =7 TeV * :i';:‘:i'::::::: ) § 60 E_
5112: S ---- Background g 50;_
§ 10f CMS 2 JF
o B o n
§ 8f : =
a f || 2
ol 6 §

4f éi

: i3

2- el I

0= L [TT]1]

b s
gy 1/2% T (M)
o 1/2% (1T
o 3/2% T(11)

10“”20“ 30 ] 40
M(E,n*) — M(E;) — M(mrt) [MeV/c?| /
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Charged Z) 7/

Entries per 0.45 MeV/c?

PRL 114 (2015) 062004

[ it gy
0

\ M(gpn~) — M(Ep) — M(r™) [MeV/c?] /

10

20 30

40
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=y K K

New Z,” baryons

PRL 128 (2022) 162001

= Two new states observed in Me (63270 = 6327.28 *§33 (stat) £ 0.12(syst) & 0.24(1m o) MeV
the combination of ApK~m* Mg, (63330 = 6332.69 *§:17(stat) £ 0.03(syst) £ 0.22(my9) MeV

s Consistent with 1D =, Am =mg (533350 — Mg, (63270 = 5411535 (stat) £ 0.12(syst) MeV
double-plets Iy, (63270 < 220 (2.56) MeV at 90% (95%) CL

[z, (63330 < 1.60 (1.92) MeV at 90% (95%) CL

Hb(6327)0 k) (/6333)0

6.8f 16.8
Y = ' ' E —
% £ } Data = 38
= S0E — Total fit E 6.6l 38— _ 6.6
S 0E e 56327 3 ' e ‘
% 60 = (.:;,)(6?3)0 N 2P —— D=
= — ---- Combinatoria 4 —~ | —_— ]
E s0E E > 6.4 E,(6333)" 2§ =——= BA 64
8 4fF = O] == K
S : } 1 E = 2§— E,(6327) 1p— b
30 E H E :.(2/ 6.2' Eb(6227)_ '6.2
20 - H — < 1 p =6(6100)” ApK
S + + 3 P — —— Chey
10 + g & — By
JE S E | 6.0f =3(5955)" 16:0
= 1F § | = (5935) =7
z 0 Eb !t G Sty b sttty m*#;,;“‘n XY &“’ 3 i"l'“i *‘ﬂ E4(5795)" -
-2 5.8/ 15—e— P8
6300 6320 6340, 15 =
m(AK 7Z+) [MeV] =p

2023/6/2 16



=y K K

New — b ba ryons LHCb-PAPER-2023-008 (In preparation)

—~¥kx—/0 . —~—/0 - Value [MeV]
= Search for new =, / (bsq) states in £ /On+r~ final states 05 (E-(6T00)) 2360 01T E 0.2
T (5;7(6100)  0.94+0.30+ 0.08
~—/0 ~0/+ _ ~0/+ _ 4 _ | mo (S, (6100)) 6099.74+ 0.1+ 0.02 + 0.6 ()
- - - ZU(6087 620 0.30 £ 0.06
o E-oF T and B 'nTrTwT (max. 9 tracks!) G o T T T U
. . mo (50(6087))  6087.24+ 0.20+ 0.06 + 0.5 (=)
s Observation of two new states: Qo (S0(6095)) 24324 0.15% 003 .
T (20(6095) 050+ 0.33+ 0.1
— —1— ~0__ — mo (50(6095))  6095.36 + 0.15 + 0.03 + 0.5 (=Z°)
a .:b(6087)0 — Zp 7T+ - [:,bTI,' ]7T+ Qo(éhgﬂ) 15.80 £ 0.02 + 0.01
0 N 0 N T (59 0.87+ 0.06 % 0.05
- o = - mo (5;°) 5952.37+ 0.02+ 0.01 + 0.6 (Z;)
oz (6() 9 5) >, T [“b T ]T[ Qo (5) 3.66 % 0.01+ 0.00 m N
. . . r (5) 0.03+ 0.01+ 0.03 °
= Confirmation of one state observed by CMS: mo(57) 593513 0.01%0.00 05 (5))
Qo (577 24.27+ 0.03+ 0.01
— — —~*0 __ — - —— — r (57) 1.43+ 0.08 % 0.08
a Zp (6100) — Iy T — | Zp 7T+]7T me (257 5955.74 4 0.03 4 0.01 + 0.5 (Z?)
s 7 (b) LHCb Preliminar : > (¢) LHCb Preliminar e (a) LHCb Preliminar :
= sof- = -1 = S 60F S 60 -
> F Data (9 fb™) ] = F —4— Data (9 fb™) 2 E o ~+—Data (9 fb) o
S wf EY(6087) > En-z* = = SOF B 26095) - Zr e = SOF Slgmlfggance - 3
g “ . Cotibinaonel : 2 wf Combinatorial 2 wf Combinatorial 4
R Significance 150 : % wE g SiE 3
5 20— — g E g E E
S : 3 O 20F O 20F
10; ] IO? t Significance go 'OE A =
0 Qi1dT " 1 L L " ] 0 — Z 1 & & " 0 — . . - . ]
’ ? Q= Mz g '41%5,: -2m, (MeV30 ’ ” Q= Mo e '4'%5*,; -2m, (MCVSO 8 = Q=m__. -41%5 -2m, (Mev3°
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Open flavor tetraquark

s s = D~
o The D;,(2317)" (D¥n?) state was observed in 2003. PO (@
B AQ‘\F B+—¢\<;:\'S 3
e It1is argued to contain some tetraquark component in ® b ®) e
several theoretical descriptions, whose I = 1 partners can . ZQ” 45
o . + _I_ E - C:\l e E _NS\\
exist in the Dg ™ final states. N T
C \_,Bsi v
o Cheng & Hou: It would be astonishing if a doubly e o r D T 7

charged resonance is found.
[PLB 566 (2003) 193]

500207 ‘02T ‘121 A3y sAyd

N‘S’ z_ o = _:': ) i,’q’}“"W9’!l"""'f‘f’k‘!‘“’o‘“ﬁ"{"ﬂ*@m
* DO claimed evidence for the X(5568) in o
decaying to B m™, interpreted as tetraquark r e
sud i | | =1
State [bsud] g5u#ﬁ#]ﬂﬂhﬂ[#*#ﬁ#gfﬁh ++ﬂ#HHl g % g.: :
* But not seen in other experiments R = i = O ]

2023/6/2 18
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T, in Bt > D*D K*

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003]

= Resonant structures observed in the D”K* system from an amplitude analysis of

the B* - D*D™K™* decay

©06
©0

2023/6/2

mX(D*D") [GeV* ¢4
[\®]
(@]

16

14

m(D*tD™) > 4 GeV/c?

" Y(3770)

60
50

40

rrrrrrrrrrrrrrr ¥(3770) — D* D LHCb .
77777 %,,(3930) — D' D .
———————— %,(3930) —D* D 3
———— y(4040) — D* D
— — - y(4160) — D* D"

(4415) — D* D"

X ,(2900) — D'K* ]
X ,(2900) - D'K* ]

30
20

10 -

Candidates / (17.3 MeV/c?)

6

X,(2900) :
X1 (2900) :

,,,,,,,, Nonresonant

s 10 12 0%
mADK*) [GeV?/ ¢4

M = 2.866 & 0.007 & 0.002GeV/c*, I =
M = 2.904 £ 0.005 & 0.001 GeV/c?,

25 " Y
m(D"K™") [GeV/c?]

07 = 12 &4 MeV
I'=1104+11 =4 MeV

> First discovery of open-charm tetraquarks with four different flavors [cstid]!

>The observation motivates study of B - DD,

19



Study of B’ - D°D}!n~ and Bt - D D! nt

[arXiv: 2212.02716]

= Full 9 fb~! Run1+Run2 LHCb data
= 4420 BY - D°DJn~ candidates with signal purity of 90.7%
3940 B* - D™D} n* candidates with signal purity of 95.2%

((]; 12F (b) T — 1 r T ?I 102% (_g 12 V%
I ~ i i . O I )
S | 1 adm 8 | = ¢ | S
o 10 . : 2. . — =) — 10 =
R —F - 12
S0 J10 £ & [ 2
§/ Q- o IR . _ ? \Q'/ Q 1 -. :: .::.. oW, S g
= P = S [ avg o z
org ¥ LHCb | O dggt e
L 9fb'1 1.1 L S . T .':’,‘. JoR
T T s 10 44"'6"'8'_0'10
D;(2460) M*D %) (GeV?) D5(2460)° MXD ) (GeV?)

v'Faint horizontal band at M%(D} 1) ~ 8.5 GeV? indicating T,.s candidates

= Joint amplitude analysis where amplitudes of the two decays are related

through isospin symmetry
2023/6/2 20



Observation of T%,(2900)%/**

= Fit with two D} states sharing resonance parameters [arXlv: 2212.02716]

V)

1 —— Total fit

LHCb ] —— D, (2460) D
o b7 1 D’600) D}
| D; (2750) D}
D/ (2760) D
D(3000) D,
ffffffffff D*(2010)~ D
T%,(2900) D
—— D S-wave D

8100 1 HCb |

o
(=)
T
[©]
(=)
T

[=))
(=]
T

IS
(e
—
———
——

g
T
Candidates/0.014 (GeV)
3

Candidates/0.014 (G

[
(=)
T

|

20 24 26 28 30 32 34 O a 26 28 30 a2 a4 + Data
MD{ 7~) (GeV) MDD 7*) (GeV) Background

»T%,(2900)° - Dfn~ & T%,(2900)*" - Dfrt significance > 90
v'Asecond 1~ DI state yields significance of only 1.30
v'Additional Drt, Df , DDJ resonances disfavored

0 beadils

> J¥ = 0" favored over other spin-parity by more than 7.5¢

M = 2908 + 0.011 + 0.020 GeV
['=0.136 £ 0.023 + 0.011 GeV

2023/6/2
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(2900) and X, ;(2900)

csO

LHCb-PAPER-2022-026 ; LHCb-PAPER-2022-027

+ + - Kt
PRD 102, 112003 (2020) B*->D"D K

> T T T >
2 100k v o o F [ E— w(3770) - D* D
2" i @) f : o T Iy
% Preliminary ik % > 60F — """" X ,(3930) -»D*D
= i g < s0f 4 ———— y(4040) > D' D
8 wf & < 1 — — - v(4160) > D' D
| 2 0F E v (4415) — D* D
AT e ~ A W SN : UE T X ,(2900) - D'K*
022 24 26 28 3‘,2(1%;2_ )GZ g 0=22 24 26 28 31&(1) 3~f )GeV SN ; fsﬂ T ;::j"3;;7ff.;;;~:‘,_~‘_';{,__~\_ 35 );;(:22“; tU K
__ m(D K*) [GeVic?]
2 (2900)°[c5ud] 2 0(2900)**[c5ud] L
© ¢ X0(2900), X,(2900)[csud]
Mass (GeV) Width (GeV) J?
T%,(2900)° & T%,(2900)** 2.908 + 0.011 + 0.020 0.136 + 0.023 + 0.020 0*
X0(2900)/T 50(2900) 2.866 + 0.007 + 0.002 0.057 £ 0.012 + 0.004 ot
X1(2900)/T.51(2900) 2.904 + 0.005+0.001 0.1104+0.011 + 0.004 1~

e T%,(2900) v.s. X((2900)

v Similar mass, but width and flavor contents are different.

V' Tgs1(2900)? * no isospin relation: [cSud] v.s. [csud]
v T£,(2900)** - DTK*? « U-spin relation: [csud] v.s. [cdus]
v T%,(2900)* - Din®, Dintn=? |* T¢50(2900) mass and width larger
than T .4¢(2900)
2023/6/2 22




Observation of B* > DID ;K™

s Full 9 fb~1 Run1+Run2 LHCD data

2023/6/2

Candidates / (4 MeV)

90
80
70
60
50
40
30
20

+Data =
— Fit
mmms B+_>D:-D;K+

=== Background

1060, by Lottt
. pereaboss R S B + -
§)200 5250 5300 5350
m(D*DK*) [MeV]

Purity: 84%

e e
[arXiv: 2210.15153]

11E LHCb -
- -3 9 fb! .
10 . =
N | - ]
ok Pl :
- r s " .
rr?":{. E
S
6:_. L | L L L | L L L | L L _:

16 18 20 I 22 I
m(D:D;)* [GeV?]

v'Near-threshold enhancement
inm(DSD;)
= amplitude analysis

S = N W R N



Observation of X(3960) —» DI D;

r ° |
e e

m Baseline model well describes data [arXiv: 2210.15153]

o 07*:X(3960) (14.30),X,(4140) (3.90), Non-resonant
0 17:(4260),1(4660)
O~ T T T T

~5 ™ < T T T T —~ T T T T
]l > - - > 4
Bl tHch  +  Data % 0T Luoo 230 LHeb
= 40 F 9 fb-! Total fit 5 = L 9fb! > 9 fb-!
e ——  X(3960) S =
S Xo(4140) 1 <o <
> 30F ——— y(4260) 3 30 520 ]
gt D(4660) 1 £ | = |
© An L Non-resonant D}D; 4 T | s |
520 1 8 5 |
g8 I g 10 S10F -
O F ’ + O ot oL
10 - ‘ - L i * ' 1
G THIPET T,y g el Las |
0_ v, | ',i'?‘_-k_; 1 bl 0 v AT 2 O- i +I iﬁl‘rk<|!;/lm i
4.0 4.2 4.4 4.6 4.8 2.4 2.6 2.8 3.0 3.2 34 2.4 2.6 2.8 3.0 3.2 34

m(D¢ D) [GeV] m(D¢K+) [GeV] m(D;K+) [GeV]

»X(3960): threshold enhancement

W
(=]
T

vJP¢ = 0** preferred over 17" and 2** by 9.30and 12.30|2,,} § e R
P(4260) ]

—— (4660)

»X(4140): dip at ~4.14 GeV via interference

[ ]
(=]

Candidates / (20 MeV)
= &
LB B I B

v JPC = 0** preferred over 17~ and 2** by 3.50 and 4.20

v'the dip can also be described by / /1/¢p — DI D scattering D D) [GEV)

(=]

2023/6/2 SN A
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X(3960) and y.(3930)

[arXiv: 2211.05034]

[arXiv: 2210.15153]

M [MeV] I [MeV] Jre
X(3960) 3955+ 6+ 12 48+ 17 + 10 0+
Xc0(3930) 3924 + 2 17+ 5
s Same particle? FF: Fit fraction

[(X > D*D™) B(BY = DD KI)XFF s pip-y+
I'(X - DiD;) BB+ - D;D;KJF)XT}";_)D; —_—
o Creation of s5 from vacuum is suppressed wrt uii or dd

o X —» D} D; has smaller phase-space factor than X - D*D~
= X has an exotic nature! Candidate for ccss
n Different particles?

o No obvious candidate within conventional charmonium multiplets for them; likely
to be exotic

= 0.29 +£ 0.09 = 0.10 £ 0.08
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ZCS [Cz'ug] States BT = I/K"9 efe” > K*(DgD™ + Ds™D°)

ey 1 035F (5=4.681GeV -53 4

= Charged Z, states observed at § Egg (a)
BESIII and LHCb: Lo S0
Z:5(3985), Z,5(4000), Z (4220) §2°°§ %18: ‘

100 Lﬁ 5
i

(o]
TT

x Z..(3985), Z.,(4000) have SR
similar mass but very different widths RM(K) (GeV/c)
ete™ - KJ(D;yD** + D~ D%)
- BESIII, PRL 129 (2022) 112003

s BESIII also find an evidence for OF ) Soesmo | 8E g oo
30F -
the neutral isospin partner o bl o
10F ) 10
LHCb All Z,,(1%) Mass [MeV]  width [MeV] 25 + 511 E ‘3‘2 o fomassioev |10 T semcey
m Z,5(4000) 15 (16) 4003+6F,% C31+15+26D 9.4+2.1+3.4 SN t}'} o + 5
Z.5(4220) 5.9 (8.4) 4216 £24F%8 2334+ 52+97 10+4+19 § loé_‘jwm ++ - A
F & N Tz Joof F s A P Y
Mass (MeV/c®) Width (MeV) ;‘z (0 BTGV b A
BGS]]I Z:s(3985)" 39922+ 1.7+16 7.7 5,+4.3 ol 100f #HTE
Zes(3985)" 398527350 +£1.7 (13.813) +£4.9 1o} S0 # _
2023/6/2 {55 ’4_‘_;{('{5 41 415 42 995 1’141:.65;_{1'-4.35 4.2 26

RM(Kg)(GeV/cZ)

LHCb, PRL127 (2021) 082001  BESIIL, PRL 126 (2021) 102001 ____



T451(4000)° in B® > J /K3

Bt > J/YpKT arXiv:2301.04899

= Simultaneous fit to B® - J /Y pKs ko i

LHCb

= F— Total fit

and BT - J/Y¢K™, assuming
isospin symmetry for all the
intermediate states, except for

the charged and neutral

E- - T},,(4220)

T,551(4000) states
¢1< [GeV] : . S 4”6;]%[(';2‘;?] 36 eSO\t L
s Consistent with being isospin partners: Am = —12.1*153%%5 MeV

m Significance 1s 4.00 without 1sospin symmetry for T£s1(4000)a while 5.40
with 1sospin symmetry constrain

T,051(4000)° > ] /K 1*  3991.3*117+8>  104.8%323%171 7.9 + 2.5739

73 /T551(4ooo)+ >kt 1t 4003 + 617, 131 + 15+ 26 94+21+34
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Pentaquark study in B~ - J/YAp

s Search for pentaquark in J/yp & J /YA arXiv: 2210.10346

s Run1+Run2 LHCb data, £ =9 fb!

T T T T I :
- Data

5 1600F LHCb
S L 9 fb! I ‘ ; —Total fit 3
< 1400 1t —Signal d—:
— 5 1|1 --Backgroun 1
T\;12005 : : .
01000 I =
< - 1]l ]
S 800F 1|1 3
.S F i ]
g 600:— o E
< 400F N’ 3
200F l‘ E

» e M |
200 5250 5300 5350
m(J/y A p) [MeV]
Ngjg = 4617 + 73

Purity in signal region : 93%

2023/6/2

m>(J/w A) [GeV?]

PRI NN TR S S NN SN TR SO T SO ST SN SN SR S N T S
164 16.6 16.8 17 17.2
m?(J/wp) [GeV?]

Horizontal band at m?(J /Y A)~18.8GeV*
Further confirmed by amplitude analysis
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Pentaquark with strangeness .. ... ...

= A new pentaquark with strangeness P$S(4338)° (ccsud) observed in
the B~ - J /Y Ap decay

o At EZ}rD™ threshold
o m=4338.2+0.7+ 0.4 MeV
o I'=7.0+1.2+1.3 MeV

o JP =(1/2)" preferred, JF = % rejected under 90% CL, > 180F LHCDb | « Data -
_ . _ é) 160:— 9 fb! — Nominal fit
s Most precise single measurement of B~ mass: = N * —Doeclinefty
— - p -
o 5279.44+0.05+0.07 MeV 3 - — NR(AP)
~250 ~ [——r———— T *Q-’c; 120F * + — Py ]
§ I % 140;— I§I%IbC1b + W ] = 100 = + ---Background S
=0 % 2o | U T sof iy + £4D
—§ _ % 1000 } ] 8 - threshold
S 150f 5 ol i 00F ]
g | :g o + + B 40 _'
@) 100} 5 60 H + ++ + + 3 20; + ]
505 40: t + : T = e = cacoil] 7
g e ] 4.2 4.25 4.3 4.35
o 05405 a1 a5 m(J/yA)[GeV]

m(J/yp) [GeV]

2023/6/2
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Summary and prospects

s LHCb keeps making important contributions to heavy hadron
spectroscopy, both for conventional or exotic hadrons

m In Run 3, the upgraded LHCb detector and an improved software-
only trigger system will be implemented

iy
(-}
W
<
(=]
]

w18 -
o . F 2
g 16 :— 300 2
~ - (7]
R4 = -
2 F - o 250 £
212 - - . 3
S10[- 200 8
£F . 8
3 8- . S
| = 150 &
% - . £
= 6
100

41—

2 FRun 1 Run 2 -

o :’ , . 1 1 1 1 1 I L 1 1 1 I L 1 1 1 l 1 1 L o

2010 2015 2020 2025 2030 2035

Year

More exciting results are to come!
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New decay mode of = JHEP 05 (2022) 038

s LHCDb opens a new era in doubly heavy baryon search

o Starting with observation of £.F in ATK ~m¥g™* PRL1192017) 112001

o Confirmed in EFn™ decay  pry 121 2018 162002
JHEP 05 (2022) 038

—~+ __+ .—II—.D;ta. LHCb

» Recently a new decay z."=* found 500 - — Tota PDF 541
- = BN EN—=Ery)rt st
o BT ES(- Ey)mt 400 o il —E TS sample

PRI AP

=I+_+
G —> =
B ( cc c T ) = Combinatorial

¢ B(s2F>5kmt)

prediction

= 1.41 4+ 0.17 + 0.10 tension with

(O8]
S
-}

Candidates / (10 MeV/c?)
[\
(@]
(@)

[S—
)
=)

[ S M PPN P PP
3400 3500 3600 3700
M(E! %) (MeV/c2)
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Search of &,

arXiv: 2204.09541 (Accepted by CPC)

= First search for 5. performed

—t —
d Zpe _)]/l/):'él_

6571 6694
MeV MeV
Local significance 430 410
Global significance 28 ¢ 24 ¢

Local p-value
S

107

2023/6/2

LHCb
9 fb!

m|,| 1 ||||,u| |||||,|,u| |||||,|,u| IIlIl|||l 1

(e)

N
6600

L | L
6800

1 | L
7000

m(J/yEY) [MeV/c?]

a

o
Q

%)
Q

~
Q

Events / ( 10 MeV/c?)

‘ > v
. FV/V\N<S-
“bc
b P - c-5C+
— u > u-
e —
400 —+ Data LHCb
350 — Fit 9fb
30X e i
250
200
150
100
50

6400 6600 6800 7000 7200
m(J/yEY) (MeV/c?)
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_I_
B decay B F meas u reme nt arXiv:2210.12000 (submitted to JHEP)

s Bf -> Bn*

a First B weak decay to another beauty PR-111(2013)181801

. . (—t
o Branching fraction expected to be large, and b R
contributes to more stringent limit on Bf —» 77v i
decay BF i
c S(vr
B(BF -B2nt)
Q =914+10+8 +
B(Bf ~]/ymt) AT10L8L3
c’\l\ ¥ & @ s B & @ A '_ c/\l\ LA A A A R E T E R
L ] 2 | LHCb -
> —3— Data 1 > | 541! —J— Data |
ﬁ 150 v B —> BY(—> JRp $)ar § o ~ B{— BY(—~Dim*)m* |
v Background 1 w»n Background
Z —— Total fit N ; —— Total fit I
% 100 %
S =
E E
@) 20 @)
0 6200 6300 6400 6500 0 6200 6300 6400 6500
m(B’z) [MeV/c?] m(B’z) [MeV/c?]
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Doubly charmed tetraquark

NatumePhy9c518(2022)751

- 70

2023/6/2

helo

LHCb

T
— 40,
a, E

Z

< 305

o

= 350

250
= 20F
5 150

vvvvvvvvvvvvvvvv

dm [keV/c?

to [keV/c?]

F°W —279 £ 59
—361 + 40

TE — DODOrnt
- background

|||||||

409 + 163
478+ 1.9

L A Y W - |
LS LD \LdVUZLZ) ooJ1

= A narrow resonance T, (cctud) discovered in prompt
DODO1T+ anc"rrum inst

T T ] (_:]:100:' T T
1> 90:
R

{ = 80
. 8 T0F
ul | to-/ E
1 60

50

15 40

30
20

10

I IIIIIIIII

T — D*Do?
T — DTD%
- background

I

I IIIIIIII|IIHIIIII|I

ot .

[GeV/ ]
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Fully charmed tetraquark

= Narrow resonance of X(6900) or T,,,,(6900) discovered

with full LHCb Run 1+2 data in prompt J /i) /1y pair
spectrum o

o First tetraqt %fgg LHCb ==
> o
0 Recently cc g 10 — it
% &

140

120

100 .l. *
80 ~ +

o T ey

SSSSS

TN
O

20

Weighted candidates / (

692()0 7000 8000 9000
M.y, (MeV/c?)

Science Bulletin 65 (2020)
1983

2023/6/2
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Xk —

Observation of .Q [PRL 124 (2020) 082002]

m 5) > Ern, B} > pK~nt is reconstructed

s 20k 5} decays selected based on MVA discriminant
s PID of K™ is optimized by Punzi FOM

> >
2 rLHCb + Data 2 [LHCb + Data
< 8000 — Full fit P ’ — Full fit
- i = g -~ L a =0 _ =
> i - Zi— pK ©* 2000 E,-Em
2 - --- Background 2 -- Background
S 6000 <
ge; ke
© B ©
c I e c
o T P I Lo © : )
@) B @) ' 1
4000 : -.
I P:iselectecl \ 1000 ; ‘:
i . opKm : ]
2000
_L | J 1 |.—""x | | 1 | \‘\-"%--L. | | - == l “;-A-I:::I:::/:- “”“I‘”I".I”TV-I"-I“" I‘"
2440 2460 2480 2500 5700 5750 5800 5850 5900
pK 7* mass [MeV] Z7n mass [MeV]
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Observation of 2,

Xk —

[PRL 124 (2020) 082002]

s 4 peaks are seen, the last two have global significance > 50
Mass splitting 10-15 MeV

0,(6316)~ 6315.64 + 0.31 + 0.07 + 0.50 <2.8 15i§ 3.6 2.1

0,(6330)~ 6330.30 + 0.28 + 0.07 + 0.50 <3.1 18i§ 3.7 2.6

0,(6340)~ 6339.71 + 0.26 + 0.05 + 0.50 <1.5 47418 7.2 6.7

2,(6350)~  6349.88 + 0.35 + 0.05 + 0.50 N 4%_2%& 01 57113 7.0 6.2

5,/ LHCD o 2 LoD o

% E nght-Slgn _::’C“kjfound é E Wrong—Sign Background

;gzo;— i& Hl ézoj—

;é 10:— A| ,” li!,‘| | l | | “ | || l il ||h||| ||| ||| § 105— | |||| || I |||||| || ] ||||| || it || || |||||,!,

Ll R
',kzml ) LS Rl i B i R e RN S .
500 550 600 6 700 500 550 600 650 700

M(:ZK> <'°) [MeV] M(ZIK*) - M(Z?) [MeV]

2023/6/2
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New = z* 0 from LHCDb [arXiv:2003.13649]

s Checked prompt production
of 230 - ATK~

o Large and clean A} candidates

= Combine with Kaon > 1000 40—
o Using pT and PID to suppress = ol HiC
combinatorial background from St ;
PV I 3 20% of data
§ 400}
o
= L
G 200}

.2250. — .2300. .. .2350
mpK n*) [MeV]
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New = z* 0 from LHCDb [arXiv:2003.13649]

» Large statistics data shows Belle’s =.(2930) is a composite of two

~yk k)

narrow =*’s

= A third peak is also seen
o position close to kinematic limit of the B decay used by Belle

29  295GeV EPIC 78 (2018) 3, 252
% 20001 . : E ~ 30 :_ —e— Data . .
= RS, C —— Total Fit : : =x%0
— F e otal nonZ, ¢ =c
= 1500 g) 25; :hta\sle Spacfezgso) Bk? :
3 20‘_ Sideband
- (@) [ === Generic MC
= 1000f g :
5 [ — 15
2 2
@) S 10F
500 E > - e
W 5K
i{{ L [T 8 T 0 2= .HL P S SN BNl < »
0 100 200 300 2.8 2.85 2.9 2.95 3
m(AIK") - m(A) - m(K”) [MeV] My, (GeV/c?)
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F |t resu |ts [arXiv:2003.13649]

m S-wave relativistic BW fit signal shape

s Low mass bump is modelled by reflections of heavier =Z:*(default)
o possible new Z-* at ém = 100 MeV(syst.) to improve fit, more data needed to confirm

£.(2923)° 2923.04 +£ 0.25 + 0.20 + 0.14 7.1+08+1.8 5400
£.(2939)° 2938.55+0.21+0.17 + 0.14 10,2+ 08+ 1.1 10400
56(2965)0 2964.88 + 0.26 + 0.14 + 0.14 141+ 09+ 1.3 11700
S 2000 S 2000 _ o
2 2 e 52923 > ALK
~ I - _ —— 52939 AK"
= 1500 1500 - EL(2965) 5 ATK”
[ S Bl 52923y > AK 7
S J000f S 00 4 TTRA Z(3055)'— A K™
E - E - B =.(3055°— At TOK~
@) @) " ] =.(3080)"— — ALK
500 500 NI - Z.(3080) =2 (AL K-
M \\ 1 -- Background
ol il A s . i ol o o ek X L] Additional component
0 100 200 300 0 100 200 300
2023/6/2 m(AK™) - m(AQ) - m(K™) [MeV] m(AK™) - m(AS) - m(K™) [MeV]
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Further discussion ariv:2003.13649

m IfZ.(2965) is Z.(2970) in PDG? More studies? Theoretical inputs?

=.(2970)

Mode Fraction (T; /T)
[ AfKr seen
o 0 I, >.(2455)K seen

HC[(LIZ-I%?)]S) 2964.9 + 0.3 141+ 1.6 I, ATK not seen

0 | E27 seen
£:(2970) +0.8 +3.4 I's En seen
[PDG] 2967.8_0 281240 P =.(2645)% seen

s Equal spacing rule predicted mass of 2 [Gell-Mann, Okubo], still holds for the
excited states, implies same multiplets

m(£2.(2770)°) — m(Z.(2645)?) ~ m(=.(2645)") — m(X.(2520)") ~ 125 MeV.

m(£2,(3050)%) — m(=,(2923)%) ~ m(Z,(2923)") — m(X.(2800)°) ~ 125 MeV,
m(£2,(3065)%) — m(=,(2939)?) ~ 125 MeV,
m(£2,(3090)%) — m(=,(2965)?) ~ 125 MeV.
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Observation of a new £,7(6227)~ state

s Reconstruct 5, - A}K~ and 5 nt
a Hadronic (HD) and Semileptonic (SL) decays for A}
a SL decays for Z) - Zru~Xv,

= \With hadronic mode

M(E*7) — M(A)) = 607.3 £ 2.0 (stat) £ 0.3 (syst) MeV/c?,
I' = 18.1 & 5.4 (stat) £ 1.8 (syst) MeV/c?,
M(E3*) = 6226.9 £ 2.0 (stat) £ 0.3 (syst) & 0.2(A9) MeV/c?,

Mass peak position is consistent between the three decay channels

The most massive baryons observed so far!

2023/6/2

Candidates / [4 MeV/c?] Candidates / [10 MeV/c?]

Candidates / [10 MeV/c?]

[PRL 121 (2018) 072002]
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