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Renaissance of spectroscopy in heavy flavour

PRL91 (2003) 262001
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> The X(3872) [x.1(3872)] state observed by Belle in 3¢ :
2003 in the J /YT~ spectrum S wmol  [P2S) ;
* The harbinger of a new direction in hadron spectroscopy 2 | ]
_ o ~ i 5 100l X(3872)
» More exotic hadrons, mostly containing cc or bb, have = | / ;
been observed soon later Sl

* Various models proposed for quark composition and binding P P

mechanisms of these states m(])/llnf m) —mU/y) Gev
a d D

» Great progress achieved with combined efforts from
both theory and experiments - ‘;

* LHCb has been providing propellant to boost our understanding
since the start of the LHC
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The LHCb experiment

A » A forward spectrometer at the LHC
LHC e - designed for the study of heavy
. flavour physics
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The LHCb detector and phySICS fLT.T&éi‘?%?yif’i"QS(mm) 1530022
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> Indirect search for New Physics via precision measurements of CKM, CPV and RD
> Direct search of new particles beyond SM
» QCD +EW precision measurements at large rapidity

> Hadron spectroscopy
> Heavy-ion and fixed target physics
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Integrated Recorded Luminosity (1/fb)

Data taking (run1+run2)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

| ° 2018 (6.5 TeV): 2.19 /fb
=1 + 2017 (6.5+2.51 TeV): 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 !
— 2010 (3.5 TeV): 0.04 /fb
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> A huge amount of bb and c¢
have been produced
« ~10'2pb
e« ~1013¢c

» Many impressive results
have been achieved

More than 9 fb~!
accumulated

INn Runl+Run2
(2011-2018)
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Hadrons observed at LHCb (up to 2022-09-14)
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Exotic hadrons discovered at LHCb (up to 2022-09-14)
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Tetraquarks

Starting from X(3872), i.e. y.1(3872),
the first candidate
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x-1(3872) . B factory era
°UR) =7 ppG2004

OMITTED FROM SUMMARY TABLE
Seen by CHOI 03 in B — K77~ J/4(1S) decays as a narrow peak

in the invariant mass distribution of the 71 7~ J/1(15) final state,
but not seen in the yx.q final state of these decays. Possibly absent

in the invariant mass spectrum of the final state 77 7~ J/%(1S) in

et e collisions. Interpretation as a 1~ =~ charmonium state not
favored.

Quantum numbers are not established.

X(3872) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

3872.0+0.6+0.5 36 CHOI 03 BELL B — Knta—J/y |
X(3872) WIDTH

VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT

<23 90 36 CHOI 03 BELL B — Ktz J/y |

X(3872) DECAY MODES

Mode Fraction (I';/T)
M ete
M, #wto™ J/¥(1S) seen
'3 xa

Seen by CHOI03in B — Krt ™ J/1(1S) decays as a narrow peak
in the invariant mass distribution of the 7+ 7~ J/1(1S) final state,
but not seen in the y)x1 final state of these decays. Possibly absent
in the invariant mass spectrum of the final state 77 7~ J/4(1S) in
et e collisions. Interpretationasal ™ ~ charmonium state not fa-
vored. Isovector hypothesis excluded by AUBERT 05B and CHOI 11.
A helicity amplitude analysis of the X(3872) — J/1/)7r+7r_ decay
gives two possible JPC assignments: JPC =1t+ and 2= F
(ABULENCIA 07E and CHOI 11). A study of the 37 invariant mass
distribution in J/¢w decays slightly favors JP =2 (DEL-AMO-
SANCHEZ 10B).

See our note on "Developments in Heavy Quarkonium Spec-
troscopy”.

X(3872) MASS FROM J/1 X MODE

LHCb measured its mass using 2010 data (34.7 pb‘l)

16(PC) = '™ PDG2012

VALUE (MeV) EVTS DOCUMENT TECN COMMENT
3871.954+ 0.484+0.12 0.6k AALJ 12H LHCB pp — J/prta— X | |
3871.85+ 0.27+0.19 ~ 170 1 CHOI 11 BELL B — Kxta— J/i |
3873 T 18 +13 2748 2DEL-AMO-SA.108B BABR B — wJ/yK
3871.61+ 0.16+0.19 6k 23 AALTONEN 09AU CDF2 pp — J/pntn—X
3871.4 + 0.6 +0.1 93.4 AUBERT 08y BABR Bt — Kt J/pntn—
3868.7 + 1.5 +£0.4 9.4 AUBERT 08y BABR BO — K%J/dzw""ﬂ'_
3871.8 + 3.1 +£3.0 522 24 ABAZOV 04F DO  pp— J/prTa— X
o ® @ We dn not 1ice the fallowino data for averacec fite limite otc @ o @

. n*0no
zess  Mass: close to the D*°DY threshold
3871.3 .
wse Width: narrow
3871.3 .
3872.0 C parlty. AF
3836

Isospin: O
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x-1(3872): the LHC era PDG2022

G /PCy _
X (3872) 15UP) = 0ra+ ) PDG2014 Xc1(3872) U = 0rat )

First observed by CHOI 03 in B — K77~ J/9(1S) decays as a also known as X(3872)
narrow peak in the invariant mass distribution of the 7+ 7~ J/4(15) This state shows properties different from a conventional q¢ state.
fcif:c')ls'ﬁlalte- Isovector hypothesis excluded by AUBERT 058 and A candidate for an exotic structure. See the review on non-q{ states.
AAIlJ 13Q perform a full five-dimensional amplitude analysis of XC1(3872) MASS FROM J 1IJX MODE .
the angular correlations between the decay products in Bt — aSS resolutlon O 06 MeV/CZ
X(3872) K™ decays, where X(3872) — J/¢n 7™ and J/¢p — VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT )
pt ™, which unambiguously gives the JPC 1+ + assignment. 3871.65 + 0.06 OUR AVERAGE
See our note on “Developments in Heavy Quarkonium Spec- 3871.64 + 0.06 +£0.01 19.8k 1 aALl 205 LHCB Bt — I
troscopy”. J/1/17T+ KT
38719 + 0.7 =+0.2 20 ABLIKIM 14 BES3 ete  —
X(3672) MASS FROM J/% X MODE ASMIN
':MT resolution: 0.17 MEV/CZ 3871.95 + 0.48 +£0.12 0.6k AALJ 12H LHCB pp — J/prtn— X
VALUE (MeV) EVTS DOCUMENT ID TECN Qé}f’m ' ' 3871.85 + 0.27 +0.19 170 2 CcHol 11 BELL B — Kntzx— J/
3871.69+ 0.17 OUR AVERAGE 118 3
38719 + 07 402 2045 ABLIKIM 14 BES3 ete— — J/pnta—y | 3873 L 1 *13 27 DEL-AMO-SA..108 BABR B — wJ/¢K
g?ifi g‘z*sigg 01-6; 1’2:& ii“ ;'EELB ZP - K”T*_’;‘X 3871.61 £ 0.16 +0.19 6k 3*AALTONEN 09AU CDF2 pp — J/prtn— X
e darmoas Mo BERG 38714 + 0.6 +01 934 AUBERT  08v BABR BT —
3873 16 +13 27 +8 DEL-AMO-SA.108 BABR B — wJ/yK _K+J/¢ﬂ-+ﬂ-_
3871.61+ 0.1640.19 6k 23 AALTONEN 09AU CDF2 pB — J/prtr—X
3871.4 + 0.6 +0.1 93.4 AUBERT 08y BABR Bt — Kt J/pnta— Xc1(3872) WIDTH . 2
3868.7 + 1.5 +£0.4 9.4 AUBERT 08y BABR BO — KQJ/pntn— W|dth 119 i O 21 MeV/C
3871.8 4 3.1 £3.0 522 24ABAZOV  04F DO pB — Jjwrta—X VALUE (MeV) CL% EVTS DOCUMENT ID TECN_  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. ® o o 1.1940.21 OUR AVERAGE Error includes scale factor of 1.1.
3868.6 + 1.2 +£0.2 8 5 AUBERT 06 BABR B0 — KQJ/pmtn— 1.3940.24+0.10 156k 1 AAIL 20ADLHCB pp - J/yrtn—X |
X(3872) WIDTH 0.96 7512 +0.21 42k 2AAl 20s LHCB Bt — J/pmtn— KT
e o o We do not use the following data for averages, fits, limits, etc. ® o @
VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT <24 90 ABLIKIM 14 BES3 et e— _ J/w ot T
<1.2 90 CHOI 11 BELL B — Krntn—J/¢ <1.2 90 CHOI 11 BELL B — Krxtn—J/y
e o o \We do not use the following data for averages, fits, limits, etc. ® o o <33 90 AUBERT 08y BABR Bt — KT J/yprntn—
<2.4 90 ABLIKIM 14 BES3 ete  — J/¢71-+ﬂ-—7 I <4.1 90 69 AUBERT 06 BABR B — K7r+7'r_J/1/1
<33 90 AUBERT 08y BABR Bt — Kt J/prtr— <23 90 36 3 cHoI 03 BELL B— Kata—J/y
<4.1 90 69 AUBERT 06 BABR B — Krntn— J/ 1 Using X ¢1(3872) produced in inclusive b-hadron decays. Breit-Wigner parametrization. I
<23 90 36 l4cHol 03 BELL B— Krta— J/y 2Using Breit-Wigner parametrization.  Partially overlapping dataset with that of I
AALJ 20AD.

14
Superseded by CHOI 11. 3Superseded by CHOI 11.
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Studies of y.,(3872) at LHCDb

» LHCb-PAPER-2011-034, Eur. Phys. J. C72 (2012) 1972

+ 2010 data, 34.7 pb~!, mass and cross-section

» LHCb-PAPER-2013-001, Phys. Rev. Lett. 110 (2013) 222001

e 2011 data, 1fb~1, determined JF¢ = 1** (with assumptions of angular momentum)
g

» LHCb-PAPER-2015-015, Phys. Rev. D92 (2015) 011102(R)

e 2011-2012 data, 3 fb~1, determined J¥¢ = 17 (without assumptions of angular momentum)

> LHCb-PAPER-2016-016, Phys. Lett. B769 (2017) 305
e 2011-2012 data, 3 fb~1, Searched for y.;(3872) - pp

» LHCb-PAPER-2019-023, JHEP 09 (2019) 028
¢ 2011-2016 data, 4.9 fb~1, discovered A) — x4 (3872)pK~

» LHCb-PAPER-2020-008, Phys. Rev. D102 (2020) 092005
« 2011-2012 data, 3 fb~1, mass and width

» LHCb-PAPER-2020-009, JHEP 08 (2020) 123
« 2011-2018 data, 9 fb~1, mass and width

» LHCb-PAPER-2020-023, Phys. Rev. Lett. 126 (2021) 092001

« 2012 data, 2 fb~!, multiplicity-dependency of cross-sections 5 LHCb-PAPER-2021-045. arXiv:2204.12597
» LHCb-PAPER-2021-025, JHEP 01 (2022) 131 e 2011-2018 data. 9 fb~1 decays

« 2012 and 2016-2018 data, 2 fb~! and 5.4 fb~1, cross-section

2022/09/29 Zhenwei Yang, Center for High Energy Physics, PKU 12


https://doi.org/10.1140/epjc/s10052-012-1972-7
https://doi.org/10.1103/PhysRevLett.110.222001
https://doi.org/10.1103/PhysRevD.92.011102
https://doi.org/10.1016/j.physletb.2017.03.046
https://doi.org/10.1007/JHEP09(2019)028
https://doi.org/10.1103/PhysRevD.102.092005
https://doi.org/10.1007/JHEP08(2020)123
https://doi.org/10.1103/PhysRevLett.126.092001
https://doi.org/10.1007/JHEP01(2022)131

x.1(3872) multiplicity-dependent cross-section

Phys. Rev. Lett. 126 (2021) 092001

> 2012 pp data (2 fb~1)

> Uset, = (2aecay—zpv) <M to separate prompt x.;(3872) and those from b-hadron decays

Cl. e FTHGS T T =
t [ - [ pp [5=8TeV & -+ Prompt b decays E
i‘ g ; E pT >5 :§§§§E§::«‘ Interaction Model, ESpOSitO et al. E 72 + —
T = 0.1 ol . Molecule Compact EE§§E Molecule ] O-Xcl (3872)B(XC1 (38 ) — ]/l/)ﬂ: T )
& 1 s i (coalescence) tetraquark (geometric) - T
S e E oy25)BW(2S) - J/Yyrm™)
ESt § 0.06 |- i # —
Sa) F 4 = . . o
8- omf- | ‘#— 4 Diafterent multiplicity-dependence
I l J observed for y.1(3872) and y(25)
© N
oL | I R S S R S T T
0 50 100 150 200
NVELO

tracks
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https://doi.org/10.1103/PhysRevLett.126.092001

x.1(3872) cross-section
> 2012 data (2 fb~1) and 2016-2018 (5.7 fb~1) data

JHEP 01 (2022) 131

» Uset, = (aecay~zpv)<M ;| separate prompt y.1(3872) and those from b-hadron decays

Dz

+, -
_ Oxa@sr2) _ B(xa(3872) = JAprin)
Oy (25) B(¥(2S)— Jhpmtn—)
[~ 03———TF————— — T T T T T T T T T T T T T ]
+ 2.0<y<3.0 LHCb LHCb
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L t 3.5<y<45 201! 201! ]
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x.1(3872) spin-parity determination

> 2011 data (1 b7 1), J°¢ = 1** determined

* Assume that lowest angular momentum between the
decay products has the largest contribution

- s < 10’ gm—r—r1"r—"r—r—rTrrrrrrrrrrrererTTT
3 s 3 LHCb
E g 10°
3 £ ¢ Simulated fo2* 4 Simulated JC=1"
5 ,
_ § o ‘f tdata s
B ; A
- 102 Ai ‘M
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M(tdiy) - M(J/y) [MeV] _200‘ — ‘_100' e g P— -100. — .200

t=-2In[ LE2VL(T)]
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Phys. Rev. Lett. 110 (2013) 222001
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https://doi.org/10.1103/PhysRevLett.110.222001

Candidates per 1 MeV

Xc1(3872) spin-parity determination (cont.)

Phys. Rev. D92 (2015) 011102(R)

> 2011+2012 data (3 fb~1), JP¢ = 1** determined

* No assumption for angular momentum
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https://doi.org/10.1103/PhysRevD.92.011102

Xc1(3872) mass and width: 2011-2012 data

> v.1(3872) mass very close to the D*°D? threshold Phys. Rev. D102 (2020) 092005
© My (ss72) = 3871.68+0.17MeV/c?, T < 1.2MeV [PDG2019]
* Mpo + My = 3871.70 + 0.11 MeV/c?

» Using the b —~ X(3872) sample N g e nane 35 OFTRT Sestion snd badkgromnd
. . . , - = — Flatté ER= e Breit—-Wigner E
> Results with Breit-Wigner and Flatte . ¢ 7 2 oo — Tl LHCb_:
are different <s 250 ER oo
= 200F 4/ F 3
150 4 3000 E
100 F 3 2000F 3
S0 B 3 1000 ]
Breit-Wigner ses 38 3812 a8 O 384 386 388 39
Myt [GeV] M Jpp ot [GeV]
My, (3872) = 3871.695 = 0.067 = 0.068 + 0.010 MeV Flatte

mode = 3871.691 %Y MeV

Iew = 1.39 £+ 0.24 4+ 0.10 MeV
FWHM  =0227007T012 MeV
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https://doi.org/10.1103/PhysRevD.102.092005

x-1(3872) mass, width and BF: 2011-2018 data

> Using the BT - J/ynTn~K* sample

Breit-Wigner

My (3s72) = 3871.59 £ 0.06 + 0.03 & 0.01 MeV/c?

Tyor(3s72) = 0.96 7013

+ 0.21 MeV

3 3
].Z?d(-)---|""x""_ 1.2?('10'"1""\""|""I‘"'_
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> L N
g 0.6 — Z 06 .
T 04f 4 £ o4fF .
< I T = |
O r ] =
0.2 T S 021 -
r . tee. - ot et ettt
! L X L — e iy f e SN P Fpe— |
52 5.25 5.3 5.35 3.85 3.86 3.87 3.88 3.89 3.
M r+n— K+ [GeV/(~2] Myppn+n— [G(—‘:V/('Q.l

My.1(3872) iLHCb

3871.64 £ 0.06 & 0.01 MeV/c?

0E = (mpo + mp«o) ¢* — my, (3872)C*

Compare with
D°D*° threshold
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PDG 2018

CDF pp— X1 (3872)X
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BaBar B— (xc1(3872) = JWb w) K
DO pp— x.1(3872)X
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BaBar

BaBar
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https://doi.org/10.1007/JHEP08(2020)123

xc1(3872) - J/yntn~ decay: 2011-2018 data

arXiv:2204.12597
> Using x.1(3872) from the B* - y.,(3872)K* sample to study w contributions

in the x.1(3872) - J/Yymn*n~ decay oy -
* x:1(3872) - J/Yp? is isospin violating decay Belle. : .
_ _ _ PRL 91 (2003) 262001 £ 2 il £
» Sizable w contribution observed Nug=357+68 < Huthef || 4 1HH oy
M, (GeV)
* (21.4 + 2.3 + 2.0)% of the total rate lx190 arger 3 é;ﬂ;@m BRS |
* (1.9 £ 0.4 £+ 0.3)% when excluding interference g = ]
LHCb: Ll HHUHDUHU% ]
. . . Xiv:2004.12597 040 050 060 070 o8
» Coupling constant ratio disfavours Ny = 6788 + 117
pure charmonium state O — s Wop——
= a00f 9! = = 30F g
gXCl(3872) pO]/I’b — 0.29 i 0_04 &3103:1— —fial 5 35- 52()05— —O—dz(l)ta
Ixei(3872) > W] [ R e of
Around 6 times larger than expected for S soof - background g Y of
pure Charmonlum State —Ozgx()() 381504/ - 1960 3950 0:4(')() S(I)() 6(I)() 7(I)()
" o “m._,, [MeV] m,. [MeV]
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Observation of structure in the J/y-pair mass
spectrum

Science Bulletin 65 (2020) 1983

Zhenwei Yang, Center for High Energy Physics, PKU
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Exotic states with fully charm quarks: T, .:~

Sci. Bull. 65 (2020) 1983
» States with fully heavy quarks are unique to study the strong interaction

> T..zz states are predicted to have m € [5.8,7.4] GeV, isolated from both
guarkonia and quarkonium-like states

» LHCDb observed structures in di-J /Y mass spectrum using full Run1+2 data

= T T T ‘ T T T T ‘

gm0 I i N - > ]/ mass and pointing-to-PV constraints applied

7 180 e 3.065< M, <3.135 Gev/e? — » ] /y-pair mass spectrum shows

o B e IR ranging

S - #m My . E from 6.2 to 6.8 GeV > 50

g 1ggg]ﬂ + M Mw +H WWH . = v anarrower structure at about 6.9 GeV > 50
S et 1 5 N +++++++++++++++§ v’ hint for another structure around 7.2 GeV < 1o
g 0 g o P b f ¥ no evidence for further structures above 7.2 GeV

8200 7000 8000 9000
My, MeV/c?)

2022/09/29 Zhenwei Yang, Center for High Energy Physics, PKU 21



Possible interpretations

Sci. Bull. 65 (2020) 1983

» The presence of T,.zz states with no interference
« One T,z state for 6.9 GeV/c? peak + Two T,z states for threshold structure

~ 220 ——— —
= 2006 1 Heb o
= ig e nw No-interference fit:
% 140 ][ @%Zh:dm v'Fit p-value: 4.6%
fé 138 J[ J[ J[ T e v'Parameters for 6.9 GeV/c? peak
% S0k~ | ][1 1} } M = 6905 + 11(stat) MeV/c?
E 4618 /A ][ 1 I = 80 + 19(stat) MeV/c?
-§° 20 Ngigna1 = 252 + 63

6200 7000 8000 9000

My, MeV/c?)
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Possible interpretations (cont.)

Sci. Bull. 65 (2020) 1983

» Interference between T, -7 state and NR single-parton-scattering (NRSPS)
« One T,.. state for 6.9 GeV/c? peak + one lower-mass state interfering with NRSPS

~ 220 ——————— —
% ?(8)8 LHCb i ?Z:; fit
> 160 - A simple model with interference:
Q 140 .l. _l_ B mnterference BW p
% 120 ) o B v Fit p-value: 15.5%
0 . Jr 1 | v’ Parameters for 6.9 GeV peak
é 28 F A f T Jr M = 6886 + 11(stat) MeV
= IR e 2 —
'§° 2(8“‘2?‘ L . I' = 168 + 33(stat) MeV
200 7000 8000 9000 ] —
My, (MeV/cd) Ns1gnal = 784 + 148

» Other possibilities
« Feed-down from heavier quarkonia, e.g. Tocee = x:(= J/Yy) + ] /¢
« Near-threshold kinematic rescattering: M (x oxc0) = 6829.4 MeV, M (¥ 0Xc1) = 6925.4 MeV

2022/09/29 Zhenwei Yang, Center for High Energy Physics, PKU 23



Doubly charmed tetraquark T,:

Nature Phys. 18 (2022) 7, 751
Nature Commun. 13 (2022) 1, 3351

Similar to the doubly charmed baryon
EX* observed by LHCb in 2017

PRL 119 (2017) 112001

2022/09/29 Zhenwei Yang, Center for High Energy Physics, PKU 24



Nature Phys. 18 (2022) 7, 751

_I_
DOUbly Charmed tetraquark TCC Nature Commun. 13 (2022) 1, 3351

> 2011-2018 data (9 fb~1) of pp collisions
> Search for tetraqaurks in the D°D%r* system (with D°— K~rn")

K- (a) D'DOrt LH(_]})
Tt K- §30_5 AN
D 0 4— + u; 20:
+ o
P - ’
p 8/@@



. ature Phys. ,
O bse rvatl O n Of TC-I& — D 0 D 0 I T xa;ure go);imlui.(zlgz(zz)Ozzzsl{ 3351

Below D*TD° threshold

Parameter value

& 70 T — B

N 117 £ 16 = - o ”% EEE
Smpw —273 4+ 61 keV/c? = OF N s =
Taw 410 + 165 keV S E } | 3 ]
< F | g EE

S 21.70 S S RE
S5mBW<0 430 : i i Iil ?(afDODOTﬁ v :
30:_ L background B

dmpw = mpw — (Mp+~+ + Mpo) 200 + T gofgf presond J( + -
Mass around 3875 MeV n ¥ -

- ;*M ﬁ jH# HHWMW Hﬂﬁg

Consistent with the ground isoscalar T state 0?‘ - T B
(ccud) with J* = 1* 387 EXTS 389 39
MDD (GeV/c?
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Observation of a double-charged
tetraquark state and its isospin partner

LHCb-PAPER-2022-026
LHCb-PAPER-2022-027
in preparation

Zhenwei Yang, Center for High Energy Physics, PKU
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Observation of T%,(2900)** and T%,(2900)°

> X(2900) - D~K* observed in B
» motivating searches for D n* states

— D*D~K* decays

LHCb-PAPER-2022-026
LHCb-PAPER-2022-027
In preparation

> Amplitude analysis performed simultaneously for B - D°D}n~ and BT -

D~D}n* decays

§ "I"'I"'I"'I"'I"‘l"'l'5\ LB NN R N NN S R O BN E S |
© 100 4 o
&) LHCb { S LHCb
= el d fb~! < 9 fb~!
S i s e 1 <2 P
S Preliminary } S ol Preliminary |
w2 7]
2 | { 2 IH -----------
° 1 T4t
£ aof | L I —
SIS L Vil S L A N I 14/ B U >
200 e e 1 P ———
‘:”‘ 2 “LL‘__“ A,ﬁf.rl,;:‘_< .,..4__Ff:“—:“<,_ s ,.,:.‘4 :‘l,*F ] Lo .“L-L«.‘.l‘ i fji - B ou PGPSR : BT
0 e e e T | 0 | STV N it - ittt - SN SRR
22 24 26 28 30 32 34 22 24 26 28 30 32 34
M(D; 7~) (GeV) M(D; 7+) (GeV)

€ Two D}m exotic states with shared parameters are added.
v JP up to 3% are tested, 0" produces the best likelihood.
v’ Significance greater that 9a.

. M = 2.908 £+ 0.011 £ 0.020 GeV
v" Mass and width are measured:

2022/09/29

I' =0.136 + 0.023 £ 0.011 GeV,

Total fit

D, (2460) D
D (2600) D;f
Dj (2750) D}
Dy (2760) D;f
D(3000) D

D*(2010)- D}

T%(2900) D

D S-wave D+

Data
Background

T%,(2900)° - Din™

Zhenwei Yang, Center for High Energy Physics, PKU

O I T T T I T T T I T
=]
= B «  Breit-Wigner of 7%,(2900) T
E 04 LHCb * Starltpoiﬁt (m=2.708 GeV) —
g‘ | 9 fb! «$  Spline lineshape i
% - Preliminary -
E 0, - J1ds3]2.9780ee0ee-.
o < 4'\l . 7
> i —A 2.909
5 i .
=]
2T :
£ 00 .
-02 =
I 1 1 1 1 1 1 I 1 1 1 I 1
-0.2 0.0 0.2 0.4
Real part of amplitude
a + ot ++
T4,(2900)*+ - Din

observed
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Pentaquark states

Zhenwei Yang, Center for High Energy Physics, PKU
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Recap: observation pentaquark states

PRL 115 (2015) 072001
PRL 122 (2019) 222001

Dataset: 3 fb~1 (Runl, 2011-2012) 9 fb~1 (Run1+2, 2011-2018)

)

2 MeV
o
o
(=)

S
(0] -
=1200F —— cos8 ,.-weighted data LHCb
O 700 (b) * LHCb % [ —— total fit
NS + T\,; % 1000 [ — polynomial + broad P’
600 + 2 800 kel L. —— polynomial
+* iy, N Data g g f
500 . © © 800
} # *M**”’% + Fit % 600 8 F
400 ﬂ.'# ‘#‘m ] ® 600f ‘
+ B ST Nl
300 :ﬁ” PC 4‘4‘50) %* 400_ ‘‘‘‘ L WWE
{ L 4001
200 4 s ﬁ“ [ P(4440)*
200 ) 1440)
§ 200
100 : I P (4312)"
B o s ooy Ty e o o™ (2\ AE I P A4 i S A
0F ) vl 40 ) o . . ' : 4200 4250 4300 4350 4400 4450 4500 4550 4600
m [MeV] Margp MO
my 1y, [GeV] J/¥p

N (/12 - J/UpK ‘) increases by a factor of 9 owing to re-optimized selections
=>» Fine structures observed thanks to the much larger sample size

2022/09/29 Zhenwei Yang, Center for High Energy Physics, PKU 30



Phys.Rev.Lett. 128 (2022) 062001
LHCb-PAPER-2022-031 in preparation

Searching for pentaquarks in
B9 = ] /[ypp
=y = J/YK™ A, and
B~ - J/YAp
decays

Zhenwei Yang, Center for High

2022/09/29 Energy Physics, PKU
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Amplitude analysis of BY — J/Ypp decays

> 2011-2018 data used (9 fb_l) Phys.Rev.Lett. 128 (2022) 062001

> Inclusion of PT contributions significantly improve descriptions of data
+ oF
> Slgnlflcance of 3.16~3.70 for J¥ = (1 3

- LHCb ~+- Data
9fb+ — Total fit

— Baseline fit
— NR decay
=P
— P,
+EBaCkground ] +

No P fit
W/ P fit

()
O T T T T T T

e}

Candidates/(0.02 GeV)
N o
=S S
Candidates/0.07
) I
P
4
.
=
——
e
|
Candidates/0.07 l\)
) 'S
T T o T o T
T S !
——
| —-|¢—r§ é L

T 2.4
m(pp) [GeV]

|||||||||||||

e}
—

D
S
o5

_ Mp, = 433711 (stat) "3 (syst) MeV,
Il Tp, =292 (stat) " 11(syst) MeV,

N
<
——

M|

[\

?

—-
—+

|

[S—
)
|

|

Candidates/0.21
[\*] (%) B

_,,n-n-:-.oluuuo O|||
i
i
;’j/ ——
/
Candidates/(0.01 GeV)

Candidates/(0.01 GeV)

o T T T T T T T T T T

=}

S
/
4
/

41 42 43 44 1 42 43 44
¢ m(J/y p) [GeV] m(J/y p)[GeV]
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Amplitude analysis of £, = J/Y K™ A
> 2011-2018 data used (9 fb™1)
» Significant contributions of Z(1690)™ and = (1820)~ states

Science Bulletin 66 (2021) 1278

> Statistical significance of P%(4459)° - J/yA is 4.30 g whaaeon T —pn
« 3.10 when syst. uncertainty considered s [ i
E : & i Z:(é(g)gg) ]
s A B
State My [MeV] Ty [MeV] FF (%) 1A T e
P..(4459)° 4458.8+2.9%7 17.3+65%59 | 27129497 SR T —T e
: ' s m - [GeV]
£(1690)~ 1692.0 +1.3%12 2594 9.5+140(99 1+62+67 ~ | T
5(1820)~ 1822.7+1.571% 36.0+4.477% (329732459 2 o E
2(1950)~ 1910.6 +184  105.7+23.2  11.5F38+4%9 S 9 fb-! * *
Z(2030)" 2022.8 +4.7 68.2 + 8.5 [ S wf Py *H | .
NR - — 35.8 64 115 20i++ {*i *{ -
ma_YJZ;L—S\.L """""""""""""" 5 T2 seatend| ]
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https://doi.org/10.1016/j.scib.2021.02.030

LHCb-PAPER-2022-031

Amplitude analysis of B~ — J/YAp decays """
» 2011-2018 data used (9 fb~1) Q value: 128 MeV
»Inclusion of Pws — J /YA contribution significantly improve the fit
- I Prelimipary .
> Significance around 150, JF = - preferred %ﬁ o *K % + m{ % ? ﬂ,w
Preliminary o, R 3523 wm Mﬂ#-ﬁ
e Wﬂ*&ﬁmg‘%fgrémi e,
m(Py;) = 4338.3 + 0.7 + 0.4 MeV ; RAWELNY, ¥
o LI B 3 ]
F(P$S) =7.0 i 1.2 i 1.3 MeV 2;.?2‘L Ta2s a3 '*13‘35 2E<l)%L 2 2J§+t :
Spin % assigned o e e
o preferred SRR TE
Y+ excluded at 90% C.L. o | WW ! K* et
;2605— + ‘ 7? 551005— T i
S 40— +W+++M#Fﬁ {} +++ ] ++++*++++++#*+++§+;g
Other exotic contribution negligible o 4 *_
4.05 4.lm(J/ w;jléev 0-l -0.5 0 O.SCOSBK'I
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Prospects

Zhenwei Yang, Center for High Energy Physics, PKU
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The LHCb Upgrade: status and plan

L ~ 4x1032 cmls? L ~ 2x1033 cmls? L ~2x103* cms?
Data ~ 9 fb!1 Data ~ 50 fb2 Data ~ 300 fb1
~ 1linteraction/Xing ~ 5interactions/Xing ~ 50 interactions/Xing
Bellg II starts +2i fb HL-LHC
& © A S O)‘ Q N % o) ™ \2) © A ‘b‘ O Q N W% el ™ ™
&y N N N N W% QY QY v QY W% QY v v QY » » » » » »
TS S

- ' J . .+ r 4o
I N S N 7 Y T

> 9 fb~! accumulated in Run1+Run2 (2010-2018)

» Upgrade performed in LS2 (2019-2021)
« 50 fb~! expected after Run4

» Upgrade 1b and Upgrade 2 (LS3+LS4)
e 300 b~ in total expected after Run5

2022/09/29 Zhenwei Yang, Center for High Energy Physics, PKU 36



Physics case: hadron spectroscopy

» Much more b- and c-hadrons would be produced with the Upgrade

» A gold mine of exotic hadron studies

* Observation of new states
* Precision determination of the characteristics of observed hadrons

* Understand the nature of these states and strong interactions

LHCb Belle 11
Decay mode 23fb~1 50fb~! 300fb~! | 50ab~?
Bt = X (3872)(— JynTnT)KT | 14k 30k 180k 11k
Bt — X(3872)(— ¥(28)y)K+ 500 1k 7k 4k
B = ¢(2S)K— 7t 340k 700k 4M 140k
B} — D}rDODO 10 20 100 —
A — JhhpK~ 340k 700k AM —
E, = JWAK™ 4k 10k 55k —
Elt ATK—ntet 7k 15k 90k <6k
EY— JWESF 50 100 600 —

Im Ay 44307

2022/09/29

Zhenwei Yang, Center for High Energy Physics, PKU

0.2

arXiv:1808.08865

, I U I I I U
 +-RUNI(3 b
: = Upgrade II (300 fb™) |

I

02
Re Ay 14307
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Summary

» LHCDb has been continually producing interesting results in exotic states

» Owing to the large production cross-sections provided by the LHC and the dedicated
designed detector

» Discoveries of new states and precisely measured hadron properties provide
Important inputs to enhance our understanding

> The full Run1+Run2 data still not been fully exploited, and data of 50 fb~!
and 300 fb~! expected to be collected after Run4 and Run5

» New data are coming, stay tuned for new results from LHCDb

Thank you!
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e inwm

WTIT K
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Zhenwei Yan

9,

L ' L ' o = = -
| LHCb Preliminary I o x10 - r _ g 90:_ —— 2012 Data =
" 2011-16 data el N 1~ F
- Single muon ?_-, 40 B %; 80;_ == 2015 Data
- Charmonifu'n P ves) - © 70:_ -=- 2016 Data ; 3

Bottomonium g 20 Y(3S) - ° 2 =

- o e MM 14 FVertex resolution _.= E
pro 9 95 10 105 11 - pe" -

Dimuon mass [GeV/c'] Sﬂéo-lP: 10 —_ 80 ll < _f

wb- E

- LHCb VELO Preliminary -

30~ 2012 Data: 6= 11.6 +23.4/p_

20} 2015 Data: 6= 12.3 + 23.9/p,_ —

10f 2016 Data: 6= 12.6 + 24.0/p_ —

: it b o | N T IR SR
0 0.5 1 1.5 2 25 3

0.2 I 2345 10 20 100 200 1ip, [c/GeV]

r measurement at

Candidates per 9 keV/c?

LHCDb

x10
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LHCb Preliminary

45
2016 Prescaled data
40 A: — pK"ﬂ;+

Signal: 6 million

Hadron ID

(p/K/m
separation)

35
30
25
20
15
10

2260

2280 2300 2320
pK'm* mass [MeV/c?]

Large production cross-section

Efficient trigger

Vertex locator with high precision
High precision tracking system
Powerful hadron identification

* Efficient muon system

Center for High Energy Physics, PKU
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New pentaquark states in the full dataset (cont.)

PRL122 (2019) 222001
» Fit with Runl model gives results consistent with those of Runl

> Fine structures
« P.(4450)* splits into two substructures
« A new narrow peak at around 4312 MeV

-t
N
o
(=)

[~ —— cosé, -weighted data LHCb
L. — total fit

polynomial + broad P,

—
o
o
(=]
|

polynomial

(0]
o
o

> One dimensional fit done
- JP and confirmation of P.(4380)* need AmAn

(o))
o
o

Weighted candidates/(2 MeV)

400(# _ P(a4s7y’
P (4440)" o
200f
State M [ MeV | ' [ MeV | (95% CL) R (%] [
P.(4312)" | 4311.9+0.7758 | 9842737  (<27) | 0.30+0.07"033 4300 4250 4300 4350 4400 4450 4500 4550 4600

Mo [MeV]

P.(4440)" | 4440.3 £1.3741 | 20.6 £4.97,57  (<49) | 1.11 +0.3379:22
P.(4457)" | 4457.3£0.671% | 644207 37 (<20) | 0.53+0.167015
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Phys. Lett. B769 (2017) 305

Search for y.,(3872) - pp

)
=

> FE o ur Iy o 5
L = —
- 3
s 100 E~ 7L(IS) =
s F w(2S) =
.'_g 107 f X *e1m (25) —=
= - y ; | i =
8 I nllm:' t % iu uf 'I ':vl,”'_ Ky i ,!.llml il & ﬁil bt b
10 = | | l % |(” lu"h": il
— m | | ‘|
1 L ' | \ i

3000 | | | | 3500 | | 4000
M _[MeV]
B(B* — X(3872)K+) x B(X(3872) — pp)
B(Bt — Jip K+) x B(J/Y — pp)
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https://doi.org/10.1016/j.physletb.2017.03.046

Observati f AY - 3872)pK~ JHEP 09 (2019) 028
vation of Ay — x.1 p
C
&;220: N A L N e 02\350: LA B B A A BN B
S 200F 3.62 < Myt p- < 3.72GeV/c? T S anE 561 <mypyia-pr- <5.63GeV/e ]
S 180; LHCb % — Ay wmeok- LHCb ]
« 160F {_ 7 2505 - A JpmtnopK— (NR) E
giggg E ?200:_—— PYrnpK™ # B
kS E + + E k5 E ------ combinatorial bkg. g
T 100 ,\ e = o | | 1
T F / \‘} ] g 150 total | | ]
5 80F /1 1 8 00 it ]
° @ # | 3 S L
E / \ E 50 -
5.58 56 5.62 5.64 5.66 3.62 3.64 3.66 3.68 37 3.72
Mypprtnpk-  |GEV/c?] Myt - [GeV/c?]
g Moy & 80—y
%120; 3.80 < Myt < 3.95GeV/c2LHCb ] % 70;_ 5.61 < Myt pc— <5.63GeE/IfI2Cb _
S 100 13 E
w0 1 & 50F =
S 80 } 4 8 E 1
g f + 13 40- + -
T Y% H* ! 1 g it
40 . g A
° Wik oo 37 Zoi#Ht +++lf Nty wUr# 1
20;;%&%%4%# “");;QM;H Tt &%ﬁ 10;.’: ________ : JT?L/ rrrrrrrrrr ! +%
Y PRl TS PO N A e VIO [ DMl e T (S | o /e o el [ Ve S S |
0 5.58 5.6 562 564 566 g.8 3.85 39 3.95
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B(A? — xe1 (3872)pK~)  B(xc1(3872) = JAhmrtm)
BAJ— $(2S)pK-) B (25)— Jbrrtrr)

B(A® = x1(3872)pK ™) X B(xc1(3872) = Jpmtn) = (1.2 + 0.3 +£0.2) x 107
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https://doi.org/10.1007/JHEP09(2019)028

Exotic D™K™ structure in BT — DYD™K™* decays  priize oos0) 242000
Observation of X(4740) in BY -» J/YK*K n*tn~ decays

JHEP 02 (2021) 024
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Exotic D" K™ structure in BY -» D™D~ K™ decays

PR D102 (2020) 112003

> Structure observed in m(D~K*) spectrum in B¥ - DYD~K™* decays FPR-12°(2020)242001

> Model-independent study rejected hypothesis with only D*D~ resonances
(Jmax = 2) by 3.90

* Evidence of exotic contribution of csud states

Candidates / (4 MeV/c?)

Run 1+ Run?2 LH(C;))

1260 signals in
M(B*) + 20 MeV/c?;
Signal purity > 99.5%

mXD*D") [GeV?* 4]
[\®]
o

16
50

5300 5400 5500 5600
m(D*DK*) [MeV/c?]

Simulation

H

oy ) (o)
(=) [e) (=)

Candidates / (20 MeV/c?)
N
(]

[e)

24 26 28 30 32 34

6

8

' 10 — 12_ m(D ~K*) [GeV/c?]
m¥ (D K*) [GeV?/c*]
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Amplitude analysis of BT - DTD™K™ decays 7&pwz @z

> Two resonances around 2.9 GeV with ] = 0 and /] = 1 needed in the D™ K* system
Im(D+D‘) > 4 GeV

F | — 17+ S : - R
605_ No DK™ resonance LHCbE 605_ e oo LHCb -
50 H = -

- %.,(3930) > D* D
50 Y40 5D D (&) —
- — — - y(4160) - D* D ]
w(4415) — D* D

& &

2 2

2 2

S =

N - " u

~ 40| ~ 40 X,(2900) — D'K* =

N C N : X ,(2900) — DK* 3

; 30 - ; 30 - Nonresonant _:

Q - L g .

_g 20F :-S 20 ]

S - = : .

% 10F = 10 ]

@) - O -

- , - . - | / - ) '\._' = O I~ 1 . e T3 (|
0 55 3 35 25 3o 3.5

m(DK") [GeV/c?] m(D"K™) [GeV/c?]

Xo(2900) : M = 2.866 & 0.007 & 0.002GeV/c?, T'= 574 12+4MeV
X1(2900) : M = 2.904 4 0.005 & 0.001 GeV/c?, I'=1104 11 +4MeV

> Close to D*K* (2.902 GeV/c?) and D;(2420)K (2.917 GeV/c?) thresholds

* kinematic rescattering effects? Molecule? Compact tetraquark?
» Could be first discovery of open-charm tetraquarks with four different flavors!
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X(4740) in BY - J/WKTK~n*n~ decays JHEP 02 (2021) 024

> Four X states observed with amplitude analysis of B* — J /¢ K™ decays using
Run1 data, update with full Run1+2 data is on going

» An excess around 4740 MeV observed in background-subtracted m(J /Y ¢)
spectrum of BY - J /y¢nTn~ decays
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