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Introduction
»QCD dilemma: understanding the non- s
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The LHCb detector

»LHCb is a single-arm forward region spectrometer covering 2 <n <5,
dedicated to heavy flavor physics at the Large Hadron Collider
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Vertex Locator: high precision;

capable of separating b/c
hadron production and decay
vertices

0PV,x/y~1O um, O-PV,Z~60 pum

[JINST 3 (2008) S08005]
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RICHs: efficient identification
of pions, kaons and protons

e(K - K)~95%
@ misID rate (mr - K)~5%
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2.4% 4n angle
= 25% bb

b

ol N

LHCb MC
{s =8 TeV

Muon system (M1-M5):
efficient muon
identification and trigger

e(u - 1w)~97%
@ mislD rate (m » u)~1 — 3%
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http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

Hadrons observed at LHCb
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https://www.nikhef.nl/~pkoppenb/particles.html

Map of heavy exotics

Z,(10610), %
@ Z,(10650) ... @ S4gpt

@ then all others
xc1(3872),Y(4230),
Z.(4430)" ...
Z.,(4000)*, BESII
Z.,(3985)" Eﬁﬁ@ X(6900), %
X(6552) AM&
P.(4312)*, P.(4440)%,
P.(4457)" e
Pys(4338)° % T,..0(2900) ﬁ% D;y(2317)* ﬁ*

Tio(2900)%++ [§EG8
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Selected new measurements

Study of radiative decays of y.1(3872) [arXiv: 2406.17006]
=}, baryon lifetime measurement [arxiv: 2406.12111]
Amplitude analysis of BY —» D* ™Dttt  [arxiv: 2405.00008] =
Amplitude analysis of BY - D**D¥YK™  [arxiv: 2404.19510]

-~ B > DDh

Observation of A% — DTD™A  [arxiv: 2403.03586]

Observation of A% — ZE*)-H_D(*)_K_ [arXiv: 2404.19510] |

*Doubly heavy hadron covered by Prof. Jibo He yesterday
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Radiative decays of y.,(3872)

»Nature of y.1(3872) still under debate, while study of radiative decays provides
a way to probe it

[arXiv: 2406.17006]

»Only evidence of y.1(3872) — ¥ (2S)y was seen experimentally before

By, = [y (3872)5p(28)y
Reference Y Fxc1(3872)—>J/llW B deca

T. Barnes and S. Godfrey 5.8 ce e
T. Barnes, S. Godfrey and S. Swanson 2.6 cc

F. De Fazio (1.64 £0.25) cc / Babar 2008
B.-Q. Li and K. T. Chao 13 (67 °

Y. Dong et al. > 1 1.3-5.8 66

A. M. Badalian et al. ~ (0.8+0.2) e Belle 2011

J. Ferretti, G. Galata and E. Santopinto 6.4 cc "

A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker 2.4 cc

W. J. Deng et al. i ¢E

F. Giacosa, M. Piotrowska and S. Goito 5.4 cc/ve LHCb 2014

E. S. Swanson 0.38% IBIE.

Y. Dong et al. 0.33% B

D. P. Rathaud and A. K. Rai « 1 0.25 DD* BESIII 2020

R. F. Lebed and S. R. Martinez 0.33% (B1Bg ~

B. Grinstein, L. Maiani and A. D. Polosa 367 DD* . . ‘ .
F.-K. Guo et al. <02(@/e? D> 0 1 2 3 4 5§
D. A.-S. Molnar, R. F. Luiz and R. Higa 183] 2-10 DD*

E. Cincioglu et al. mixed [94 <4 B

S. Takeuchi, M. Takizawa and K. Shimizu [95] 1.1-34 IDJE)

B. Grinstein, L. Maiani and A. D. Polosa 93] > (0.95%007)  ccqq
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Radiative decays of y.;(3872) (cont.)

[arXiv: 2406.17006]

> Update at LHCb using BY - x.1(3872)K™* decay with 9 fb~! Run1+Run2 data

o 120
N{ - 4 Data LHCb - N{ - 4 Data LHCb -
=100 [ B — x1 (3872)K* 9fb~t 7 = 100 E B — X1 (3872)K* 9fh~!
= ] B—y(29)KTX 1= ] B w(29)KtX ]
S 80~ __  Combinatorial 1 3 80 __  Combinatorial ]
e 159 Q! 2
< 40F + 4 = 40 + .
RS t 4 i 12 ]
& 200 4t 18 20- % .
+4 C b ]
()| SSSEEERE RS A AN 0* . SRR SN R = .
5 5.1 52 53 54 375 3.84 3.93 402
Myesy+  [Gev/e?] Mmyesy  [GeV/e?]
3 3
/—\2.4X1Q U T T T 6\1.2X1'O' L B A T T
C"{ I 4 Data LHCb 3 & [ 4 Data LHCb
= 2f B B 5 xa(3872)K T 9fh-1 1 % L0 BY = xa(3872)K* 9fp~! 4
= [ B-JaX 1 = [ [ B=Jx
W 16F X (3872)KT 4 =2 08F - xa(3872)Kt .
% [ —— Combinatorial ] g —— Combinatorial
1.2 Total 1 2 0.6 Total 4+ -
"Cg :o ‘0 ] %3 L as M 4
T 08T e teenaee oo, 4 4 5 04F At ]
% E ‘0“’.”0. % 1 ] ‘¢ -
o4 - 1 Soa 4 . ]
ERRNNNNNNY RERREY T Oft‘f:f T L DOEN e eene ]
5.1 52 53 4 3.7 38 39 4 4.1
My GV My [GeV/c?]
L= 167 0:21 L1012 0:04
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Xc1(3872) » P (2S)y
Runl: N =40 + 8;5.30

Run2: N = 63 + 10;6.70

BaBar 2008

Belle 2011
LHCb/Run1 2014

BESIII 2020

LHCb/Run1 2024

LHCb/Run2 2024

o 1 2 3 4

Dy (38720 (29)y
Rypy = ———————

Iyei (387215 3y

=

LHCb meets theory workshop 8/35


https://indico.cern.ch/event/1423946/

=, baryon lifetime

[arXiv: 2406.12111]

» b-hadron lifetime measurements provide a direct quantitative test of Heavy
Quark Expansion (HQE) higher-order corrections

1.078 +£ 0.021
6~1.9%

theoretical

T(£,)/7(Ap)

experimental | 1,089 + 0.028
1 6~2.5%

»Z, baryon lifetime measured with 5.5 fb~! LHCb data at /s = 13 TeV, using
5y > Ed(» pK K~ nH)nt wrt AY) - A¥ (= pKnH)n™t

N =8303 + 107

. x10°
Al
—1
% | LHCb, 551
[0)
S -
o |
; —4-Data
..% — Full fit
% — 5,5
= — E,EK
O 0.5 — 5 550X
E, &
i Combinatorial

2024/17/2

0 5900
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v

; —4— Data
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% — Al Al

c — - A) ALK

© 50—

O —- AN X
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0
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=, baryon lifetime (cont.)

[arXiv: 2406.12111]

_ NE = STt e[y ATrT]() ye b _ Ty 1
k(t) = [/1% — /1+7r [(t) e[, — 20 |(t) Roexp (M), TA) Tz = Tao 1= ATg
= lHeb 557 | Gal  LHCb, 551" ]
%400» —
o ¢ ? ] S —4 Data
E *{» (% i — Simulation
o B 200 —
00 B B RN % 2 T4 8 ~o
decay time [ps] decay time [ps]
PR — 1,076 £ 0.013 + 0.006
piunl2 — 1,078 4+ 0.012 4 0.007,
TR“““ = 1.578 £ 0.018 + 0.010 + 0.011 ps
b
1.078 + 0.021 theoretical —_ 04| experimental | 1.078 4+ 0.014
§~1.9% T (5p)/(Ap) T 6~1.3%

v'Nice agreement with HQE prediction (additional s —» uud transition would reduce the
prediction by ~1%)
2024/7/2
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B — DDh studies

D™+ pHo p+ At

D™= D™O D= A7 ...

K&+ KO0 gt o A ..

» Rich opportunities for heavy spectroscopy study
v'charmonium(-like) states in DD ATD™ ATAC ..
vexcited DT, D%, D, A} states from D®Mh, At h ...
v exotic states from D™h, At h ...

» Useful for studies of semileptonic decays for search of New Physics

2024/17/2 Liupan An 11/35



B — DDh studies at LHCb

2024/7/2 Liupan An 12/35



T..in B* - D*D K*

[PRL 125 (2020) 242001]
[PR D102 (2020) 112003]

> Resonant structures observed in the DK™ and D*D~ systems from
an amplitude analysis of the Bt - DTD~K™ decay

m(D*TD™) > 4 GeV/c?
L oefE ;(o(zs;oo) ok rend R s
> : X ,(2900) — D'K* LHCDb ] > 40 LHCb
> 30 - = (‘B 35 ceme g (3930) > DT D
N - . e - T U— %.,(3930) - D* D"
: 40 — g 30 '
~ - oS 25
S 30F ER RS
s 1= %
= 20F - g 15
3 - . =10
= - . o) ... -
8 10 E y ‘ § ' ] E g 5 ‘‘‘‘‘‘‘‘‘ \~ ..........................
T e iR | R T s
m(D"K™) [GeV/c?] mA(D*D") [GeV?/c4]
Resonance Mass (GeV/c?) Width (MeV)
X0(3930)  3.9238 4+ 0.0015 £ 0.0004 17.4 + 5.1 £ 0.8
LXe2 3930)  3.9268 £+ 0.0024 4+ 0.0008 34.2 £ 6.6 + 1.1
T:0(2870)° [X0(2000)  2.866 + 0.007 =+ 0.002 57 £ 12 +4
T2, (2900)° | X1(2900)  2.904 £ 0.005 +0.001 110+ 11 =4

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

2024/7/2
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B — DDh studies at LHCb

B* > D*D7K™
TcsO/l(zgoo):XcO(393O)

=B

2024/7/2 Liupan An 14/35



Study of B® - D°Dfn~and Bt - D™ Dfn*

[PRL 131 (2023) 041902]

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

g\ 12 ) T T | ql 102¢> (_g 12 ) T —r T T ql 102<f>
- Q - [
8 L . @) 8 L ; . @)
. 5 s O } . 4 =
= 10F s <10 SE. S
& —F —t L . 12
+ B A _ QL g B 1 _ Q
S|l 13% s 2 of 13%E
N - Lo - ) E B 4 =
S [ & 1 g i i =
[ i3 1 O i ] O
6 - posien 61 —
1 1 —
4—|

4III6III8III10II 4III I8III10II

6
D3(2460) M (D 7% (GeV?) D;(2460)° M2D 7)) (GeV?)

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

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

2024/17/2 Liupan An 15/35



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

. . . PRL 131 (2023) 041902
> Fit with two D/} 7 states sharing resonance parameters [ 2023) ]

%100 '''''''''''''''''''''' % """"""""""""""""""" ] —— Total fit
S ™[ LHCh ” S | LHCD 1 DI (460)D?
T f O I | o I D;(600)D;
= { S 6 L1 Do
g o0 2 ' D +
= | E | D; (2760) D;
E w} * } * Eh H D(3000) Dt
N | * S L 1111 3 e A D*(2010)- D;
20} ] 1 —— T9,(2900) D
,,,,,,,,,,,, - . A T VR L. SR, = A —— D S-wave Dt
O 24 26 28 30 32 31 07792 24 26 28 30 32 34 + Data
MDD 7~) (GeV) MDD 7*) (GeV) Background

»>T%,(2900)° » Dfn~ & T%,(2900)*" —» DFrt significance > 90
v'A second 1~ D state yields significance of only 1.30
v'Additional Drt, D, DDJ resonances disfavored

> 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

»Flavor partner of T.4(2900)? Multiplets to be revealed in the future.
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B — DDh studies at LHCb

4
B* > D*D7K™
TcsO/l(zgoo);Xc2(3930)

Bt > D Din*t BY - D°Dfn~
T%,(2900)** T%,(2900)°

2024/7/2 Liupan An 17/35



Candidates / (20 MeV)

[PRL 131 (2023) 071901]

» New exotic X states needed to describe data
v 0*t*t:X(3960) (14.30),X,(4140) (3.90), Non-resonant

X(3960) in Bt -

1“'¢(426Q)¢(4660)

DSDSK™

m(D;K*Y [GeV?]

(=)} ~ = =)

-
bEﬂ_
25

20 22
’ [GeV?

N
(e)
Hi

LHCb
9 fb!

4.0

4.2

+ Data

Total fit
— X(3960)
X(4140)
— (4260)
W(4660)

Non-resonant D} Dy

44

(O8]
[e)
T

Candidates / (20 MeV)

: 4.8
m(Dy" D7) [GeV]

»X(3960): threshold enhancement

‘/]PC — 0++

»X(4140): dip at ~4.14 GeV via interference
v JPC = 0** preferred over 17~

v'the dip can also be described by / /¢ — DI D scattering

2024/17/2

preferred over 17~

3.0
m(D¢ K+) [GeV]

and 27* by 9.30 and 12.3¢

and 2%t by 3.50 and 4.20

Candidates / (20 MeV)
S &
T L B

—_
)

32 34

[ ]
(=]

Candidates / (20 MeV)
= &
L B B B B

ok

+ "'Liﬁ;*ﬂtL/

1 o BT ey oy N

2.6 2.8 3.0 32 3.4
m(D;K+) [GeV]

SOF T T T T T T T T T T T T T T T
I Do ]
40 — K matrix _
W4260)
—— (4660)

48
m(D D) [GeV]

4.6
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X(3960) and ¥,.0(3930)

[PRL 131 (2023) 071901]

M [MeV] I [MeV] jre
X(3960) 3955+ 6+ 12 48 +17 £+ 10
O++
Xc0(3930) 3924 + 2 1745

»Same particle?
[(X > D¥D™) B(BY = DD KI)XFF s pip-y+

[(X > DfDy) B(B* > DFDsKH)XFFE,  tp-pt

FF: Fit fraction
= 0.29+0.09 + 0.10 + 0.08

v'Creation of s§ from vacuum is suppressed wrt uui or dd
v'X - DFD; has smaller phase-space factor than X - D™D~
= X has an exotic nature! Candidate for ccss

» Different particles?

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

2024/7/2 Liupan An 19/35



B — DDh studies at LHCb

Bt - DID K™
X(3960)
4
B* > D*D7K™
TcsO/l(zgoo);Xc2(3930)

Bt > D Din*t BY - D°Dfn~
T%,(2900)** T%,(2900)°

2024/17/2 Liupan An 20/35



— * )+ . .
B* - D*~ D! * 11+ branching fractions
[arXiv: 2405.00098]
> Measurement performed using the full LHCb dataset of 9 fb™!

~~ | | | I | | | | I | | | | I | = *_ + + —

g 500F o Data ] Im(D DS T ) mB+| < 30 MeV
- F Fit :

S

S W0FE=s B+ - D* Dt ]

I N XLILL B+ —>D*_D;+7T+ i

2 300 Comb. backgr. -

& i ]

£

%.O 5.1 5.2 5.3
m(D*~DfnT) [GeV]

m2(D*~ ") [GeV?]

B(B* — D*Drr)
R = s™ ) _ 0.173 + 0.006 % 0.010
B(BY = D—D)
+ = Pyxt o+
rr = BB = D"DITY) L ao 007 40.14

B(BT — D*Dir+)
2024/7/2 Liupan An 21/35




B* - D*"D}fm™: amplitude analysis

. . . *exk — . . [arXiv: 2405.00098]
»Baseline fit with D**9 - D*~1 T contributions

Resonance | JI Mass [MeV]  Width [MeV] § ggﬂg
D;(2420) | 1T 24221+0.6 313+19 ¢ <
default4 D1(2430) | 1T 2412 +9 314 + 29 &
D3(2460) | 2+ 2461.1 157 473+ 0.8 |
6.50 Dy(2550) | 0= 2549 +19 165 71 .
D¥(2600) | 1= 2627 =410 141 + 23
Po2dny |2 20F £b 88 + 19 =
D27aQ) | 3= 2763.1+3.2 66 £ 5

» Alternative parametrisations do not give
significant improvement

v'Quasi-model-independent description of \ of oh ik
1% S-wave amplitude : W :
v'set mass and width of D;(2430) free 22' '\.\l L,,./

vinclusion of additional broad nonresonant oLt |
contributions

cosfp

e Data —— D;(2430) (L=2) —— D,(2740) (L=1)
—— Fit D3(2460) (L = 2) === D,(2740) (L = 3)
=== D;(2420) (L =0) == Dy(2550) (L =1) == Non-Dj backgr.
=== D;(2420) (L =2) D;(2600) (L =1) Comb. backgr.

D;(2430) (L = 0)

2024/17/2 Liupan An 22/35



B* - D*"D}fm™: amplitude analysis
> Fits incorporating DSt amplitudes
v’ Adding T%,(2900) " with mass and width fixed: fit fraction ~0.1%, negligible

v'All combinations of scalar/vector/tensor & resonant/nonresonant amplitudes
=best fit: T%,(2900)"" + nonresonant vector

[arXiv: 2405.00098]

2.6 o, fit fraction = 1. 2 + 0. 8%, upper limit 2.3(2.7)% at 90(95)% CL
 consistent with (2.25+0.67 +0.77)% inB* - D DS m™

m(D*"rwt) > 2.5 GeV

e Data
Baseline fit
— = Fit with NR Df 7+ and T.%,(2900)**
=== NR Dfn*(L=0)
—:= NR Dfnt(L=1)
NR Dt (L =2)
T2 (2000)

w
=}
T ] 111

[\
@)
T ] 111

Entries / (0.03 GeV)
Entries / (0.06 GeV)

—
[es)
1 1711

2.57 3.0 2.0 .
m(D*~7T) [GeV] m(DFnT) [GeV]

> Fits incorporating D*~ D amplitudes: none provides a physical description
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B — DDh studies at LHCb

Bt - DID K™
X(3960)
4
B* > D*D7K™
TcsO/l(zgoo);Xc2(3930)

Bt > D Din*t BY - D°Dfn~
T%,(2900)** T%,(2900)°

Bt > D* Dim*
T%,(2900)*+?

2024/17/2 Liupan An 24/35



Bt - D**D¥K*: signal yields

[arXiv: 2406.03156]

> Using the full LHCb dataset of 9 fb™1: D*~ - D%(—» Ktn &K 'm m nH)m~

)

5225

5250 5275 5300

(fl'\ AN PRI L L B LI LR RN L &'\
Q - 1 1 ] L
> 40F LHCb3fb!| : W signal 1 s
§ [ B+ > ' ' T background é)
¥y g | 1 data ]
230p PraDKT ! 1 =
5 i L Ny=187+14 1 s100f
2,0k i i Nem=103220 3 S |
gt ! ! 1 2 I
_ | . ]
g oF ! ' a) 1 E 0
: : :
0
5225 5250 5275 5300 5325 5350 5375
M(D**D=K*) [MeV/c?]
f/":50_—"""":"' -5 'l""l.""|--_ (,\]:200
> [ LHCb3fb!| : BN signal S
ﬁ 40F B*—> . h I background ©
*_ ! 1 data = 150
© Di;D*K* i i 1 &
o - 1 1 ] m
5 30F : | Ny=199:15 1 2
g : ! Neoms=11.9%22 1 g100
D20 i i 1 £ ¢
el L 1 1 . =
s [ i ] (c) ] & i
S 10F ! | 1 &%
P 1

5325 5350 5375
M(D*~D*K*) [MeV/c?]

5225

5250

L L LA L IR | L LR LR B
I I i
L LHCb 6 tb!| : B signal -
- Bt : ! I background
*y gy | 1 + data
Dyr>D™K : !
: | Ngg=779%30 .
| i ]
I I b ]
i i (d) -
I 1 ]
1
1
5225 5250 5275 5300 5325 5350 5375
M(D**D~K*) [MeV/c?]
RAELEEER RS RN o S RN R A
[ LHCb 6 b} i W signal !
r B*— : i ] gackground ]
DY DK | ] ata ]
: : Nsig=869i'31 -
il : : Ncomb=54i'5 ]
: : -
I I
1 1
I 1
1 1
1 1
1

5275

5300 5325 5350 5375

M(D*~D*K*) [MeV/c?]

v Bt > D**D"K*:1636 + 43
v  BY 5> D*"DYK*:1772 + 44

2024/7/2
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+ s+ -+ +. I .
B — D**DTK™:amplitude analysis__ .

»Amplitudes of Bt - R(D**D7)K™* and B* - R(D*"D*)K™ linked by C-parity
= allowing determination of C-parities of R resonances

A(Q?) — %i< Z CjAj($)+ Z CkAk(Q?)

| JER(D*£D¥F) keER(D*~ K+, DtK+)

1—d
+ — < Z Cj X CjAj(I‘) 5 Z ClAl(ﬂj)

2
| jER(D*£DF) IER(D*+K+, D-K+)

v d=1forBt* > D*D*K*;d =—1forB* > D**D"K*

OR resonances with J° = 1*: S-wave & D-wave

Frsyp(m) = LS
R.S/D m2 — m? — imo[y2Ls(m) + 73T (m)]

OOther resonances: Breit-Wigner

OONonresonant contributions to D*tD 7 :
4 2
fr(m) = e@+BD(M*—mg) for NR,-+; otherwise frp(m) = 1

2024/7/2 Liupan An 26/35



BT - D*(DTK*: fit results

» All components in baseline fit have significance > 50

[arXiv: 2406.03156]

4+ Data —— x2(3930) n:(3945)  —— (4040) T2,(2870)0 === T21(2900)0
Total fit -~ EFF,.. N 7,(4000) I 21(4010) 22 ho(4300) v NRpos
Background =~ - NR{-- o NRy-+ ]}(’Ro—— """" Reference fit Component 5 P(C)
ooty N\ wioon 1Z,0L /7 N\ LHCbom
20f/ Ty 1% 100 EFF e
® i 1& i s
sy 15 1(3945) 0
85 o 50
S O( ERLY ‘ : Xe2(3930) T 2mr
(C_)% o D\t e . {)% o LN Lt ... W hc ( 4000) 1—{——
M(D"~D*) [GeV] MDD [GeV] Xc1(4010) L
< | L B T T T . T T ] o [T T T T ]
E 7sE  LHCb O fb~! } E E 75k ] 1(4040) T 1=
o o ] +—
SS50F 1 <s50F . h(4300) L
§ r ] § L bl 0+t 1
Sask 1 Zos5k ] 1= 4(2800) 0
—§ 0 C _“-j"'__'m,..:--1'-;:':"==t::"‘f"?;:-:"”""""'-'v'.“.i.j ------------------------ it " ] § 0 E ::_:_I::‘_:j:,jZZ:::::_::;'.--n_--==- .............. e “.. - m TE*§1 (2900)0 T ]__
24 26 28 30 32 24 26 2.8 0 32 5 —_
M(D*K*) [GeV] mokHicevy  NRi——(D*FDF) 1
~ T LI LI — T LI ~~ T T T :{: —_—
EIOO LHCb  fo! ' '+ | "] E 100 NRo--(D*FD*) 0
= [ © t 1% | NRy++(D*FD¥) 1+t
% s0f- 2 o e, ] g s0f NR0—+ (D*:FDi) =+
= 15
R S — p— - *Fit fracti :
Y = m el O ' IT Tractions In paper
M(D*~K*) [GeV] M(D**K*) [GeV]

v'clear different interference behaviours
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B T 5 D g D +K+ . T;S_' states [arXiv: 2406.03156]

» Bt > D**D Kt » BT - D*DYKT™
g\_'l"'l"'l"'|"'|II §\100 'I"'I"'I"'I"'I_
3 75L  LHCb 9 fb! E ! LHCb 9 fb-! { +
= T = i
2 C — r
<50 . = ol
P g 50
S25F ] =
E i + [ eI eCITAOMOIY e ) S LTTITN g i
(‘:3 0 [ J 'A..;:---"“”"":“ .................. ﬂ ......... -;.:'—: ________ it O 0
2.4 2.6 2.8 3.0 3.2

M(D-K*) [GeV] M(D*~K*) [GeV]

Property This work Previous work
110 T%,(2870)° mass [MeV] 2914+ 11+ 15 2866 £ 7
X0(2900) 1T*,(2870)° width [MeV] 28 == 2225 20 S S
—
T%,(2900)° mass [MeV] Zsielastdias (0 2904 £ 5
T%,(2900)° width [MeV] 92 =k =R 16 =R

B(B" & T (2870)"D\9%) (45T 0o 04 10>  (1L24=0i5) % 10~°
B(B* — T%,(2900)°D™®+)  (3.813711$+0.3) x 107° (6.7+2.3) x 1075

B(B*T—T%,(2870)° D))
B(BT T~ (2000)0 D7) 1.17 £ 0.31 & 0.48 «=—0.18 + 0.05

v'T:0(2870)° - D*"K™ forbidden
v'B(T2:,(2900)° - D*"K*)/B(T%4,(2900)° > D"K*) < 0.21 @ 95% CL
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Bt - D *t D T K*:D e D T system [arXiv: 2406.03156]

—_ C T T T T
% 80 r Total fit

2 r == Reference fit ]
4+  Data —— £2(3930) n(3945)  —— Y(4040) Ti50(2870)° T;(2900)° 5 60 [~ Interference between A (4300) and other contributions (not including 7,(4010))

— Towlfit EFF|.. N /c(4000) W 2e1(4010) 7277 h(4300) NRy++ T F o trtoronce etween (4010 and other comrutions e
Background NR\-—- e NRy-+ NRy-- e Reference fit =40 F o T70(2870)° and T}, (2900)° -
—~ Fr—— T 1 T T T 1 T T T T T T T T T 19~ T T T T T T T T T T T T T T3 +Q [ /// Other contributions ]
L L ! - Datz 4
% 100 + LHCb 9 fb~! % 100 LHCb 9 fb~! b 20 : Bzvt:‘li(ground —
= @ 127f ) = | :
[} L { oo L —c|—§ L ]
z L 1< L I (U b
~ | 4 L ! L |
g s0 g sor 1 kb ]
S - 1= I Q VL 1
s ! 1= | = I ]
o L {1 L Z i
5 0 [ R R e W Lc)% 0 [ . 35_40 L p

4.0 4.2 4.4 4.6 4.8 . . 4.8 60 E LHCb 9 fb-!
M(D*~D*) [GeV] M(D**D") [GeV] *

=80 L R T R BT
4.0 4.2 4.4 4.6 4.8

v'Reference fit without h.(4000), x.,(4010), h.(4300):

M(D**D%) [GeV]

necessary to describe discrepancy between M(D*~D*) and M(D**D™)

This work Known states 61 cc prediction [341
Component  JP© 10(3945) JPC =+ X (3940) [9]10] JPC =77 n.(38) JPC =0+
o mo = 3945117158 To=130735770" | mo=23942+9 By =gl mo = 4064 Ty =80
e he(4000) JPC 14— T.(4020)° [35] JFC 77 h(2P) JPC — 1+
Xe2(3930) 27 = 400074 Ty 184717 | 40955429 131 T = 23.0 4 6.0 & 1.0|mp = 3956 T = 87
¢(4O40)T 1= Xel (4010) JPC — |7 Xel (2P) JPC — qlaFF
NR;--(D*¥D*) 17~ mo = 4012.5 38 +41 1y = 6271794641 [arXiv: 2406.08313] mo = 3953 Ty = 165
NRo--(D*FD*) 07~ he(4300) TE9 T ho(3P) JFC =1+
NR;+(D*FD*) 17 mo = 4318 Ty =75
NRo-+(D*FD%) 0+ X<(4274) [36] JPC = 1++ ¥1(8P) JEC = [+F
mo = 4294 + 4 1§ B = Jome =2 i = ik i = o
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B — DDh studies at LHCb

Bt - DID K™
X(3960)
4
B* > D*D7K™
TC50/1(2900),)(62(3930)

=2

Bt - D™ Dfn*
T%,(2900)++

Bt > D* Dim*
T%,(2900)*+?
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B* - D**D*K*
T, h.(4000/4300), x,1(4010)

BY - DDt rn~
T%,(2900)°
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: 0 + -
Observat|0n Of Ab — D D A [arXiv: 2403.03586]

> First observation of A}, = D*D~A with significance of 16 ¢

Candidates/(10 MeV/c?)

v’/ decay inside VELO v’/ decay outside VELO
N=19+5 N=73+9
S R BN D T T T 3|0y0 B(AO_>D+D—A)
14 LHCb 1 X _.F LHCb ] b b _
]25_ ppe i;)jm ; > 505— o i;);:m — - X B(BO - D"’D_Kg) =0.179 4+ 0.022 + 0.014
- WA >D DA ] E 40 WA >D DA
E A-psp A 1 2 F Ay>D¥' D A 7
8F A-pp g g 30p A)»>D'D 5" 0 + N—
s 1 = ] B(A — D™D /1) =
6F Comb. bkg. 3 o 3 Comb. bkg. . b
if 1T L (1244015 +0.10+ 0.28 £ 0.11) x 10~*
s ST
2y N IV I Y
Oq W/ [ I-l-l ,"". llll' !!!. .!II O_ F .’I‘ ..I. ..I....I. b
5400 5500 5600 5700 5800 5400 5500 5600 5700 5800
m(D*D~A) [MeV/c2?] m(D*D~A) [MeV/c?] [PRD 103 (2021) 114013]
' :} — 2 } > C}X(WOO)
E¢ d
7 w- s Pes w= s
w . 2y u Ay u} A
d } D~ d d d
50'255 " T T T T T |LI'-ICI') T E 5‘0.14:_I|‘H'Cb' — T T T T T T T T T E :'E‘ 0.1:_I'JH|Cb — 1 T | BN
> oaF t Data 1 5 o0n2fLHCD 4 > ¢ g :
i - } Simulation M E % 0.15—5.Sfb PCTS —E §0_08;5~3ﬂ3 X _:
SO0I5E . 1 Soosf 1 Roosf -
9/ - L:C ] e/ o 7 +Q L ]
5 oip H 1 F0%p 1 Tomf :
%0.05:_ ﬁ»* * *+ + + 3 %0'04;_ {“ + ‘|‘ "’H+ + ‘H‘ + + E %002:—1[ R
z"F | zoop It + ERCE AL L P
— 0'+ \ ++|+++H4++H+++‘++HH+ ] — 0: |+. \ ﬂ> \ + |+. H | +H % oL [ IR I A L }I || -
3000 3200 3400 3600 3800 3000 3200 3400 3600 3800 3800 4000 4200 4400 4600
m(D*A) [MeV/c?] m(D~A) [MeV/c?] m(D'D") [MeV/c?]
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A) - Zg*)HD(*)_K_: motivation

» A step towards pentaquark search in Zg*)ﬁ system

stD’ stD*°

3 [ i : . . ~ ~
S s v" Proximity of 27 D? and X} D* thresholds to
g0 ;—ZLZIi'kZiofm the peaks suggests they play an important
8 soof ' role in the dynamics
g 6005 w

4oof . Pj4440)" EPC(4457)+

P(4312)
20 ' ‘A [PRL 122 (2019) 222001]

1 Py - = s
4800 4250 4300 4350 4400 4450 4500 4550 4600
myn [MeV]

%)+ + o ) =0, —

>B (A(l’, Szt pe-g ) measured relative to B(A} » AZD°K ™)
_ 1000 = : - - ™ - Run2 Data [EPJC 84 (2024) 575]
% 800 F ﬂ LHCb 54107 _: Full model 0
E [ i [ A0y A+ DK~ B (Ab — J/wpK ) —0 152+0.032
2 600 b T o ki 0 0 e—Y U r24-0.028
o e B (A= A DK )
< 400 F 4 B 4 a7 D) e 0 _

" T 5 2 (D) e B (A, — JhbpK™) — 0.04970-011

i ] Ay — [/lfﬂo}zﬁ(msf,ﬁ DK~ B (Ag — A—I—E*OK—) ' —0.0097
R 4'0 5 5 5'0 0 5600 5700 5300 Combinatorial background ¢
m (A D°K~) [MeV] /

*Fit fraction of P¥ in AY — A¥D(O0K- - ()0
c < B(A)— JhppK™) Pt — AXDW
I at b (PO = Lopn(PE)| Ao ) ( )

B (A)— AFDEOK =) [NB (PF— J/ip)
future study measured :
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A9 - £ DI~ K= observation

[arXiv: 2404.19510]

>Four A) — Zg*)++D(*)‘K‘ modes observed with overwhelming significance

Candidates/(1.75 MeV)

— T

200 -

X LHCb { Daa ]

- — Total fit E

[ 6fb! . ]

0 0 e A5 DK A

[ Bl - A 7*DKNR i

Bkg. with real 0% -

100 |- Combinatorial bkg. -
50

S ISR A
2450 2500 2550

P |
2600

m(Alz*) [MeV]

Candidates/(1.75 MeV)

e e e
100 LHCb 1 Daa
6 fb_] —— Total fit
______ AO (o)t F—
0 5s"DK
B A>Ai7'D K NR
Bkg. with real 0

100 -

Combinatorial bkg.

50 -

Candidates/(4 MeV)

R 2 o B e P 1 A N o 1 | P 1 PR YR 0 N BEaAls A5 0L S '\ m‘“
2450 2500 2550 260 5550 5600 5650 5700
m(A; %) [MeV] m(A%) [MeV]

%\ 300F—1 LHCb T T T )
> ] |
N i ]
7 200 -
g [ ]
el J
3 ]
[=)
= [ ]
O 100 a
5550 5600 5650 5700
m(AY) [MeV]
2024/7/2

B(A)— DD K-
B (A)— AfDVK-)
B(A)— S+ DK~
B S+ D-K-)
B(A)— S+ DK~
B(A0— S+ D-K-)
B(AY— S+ DK ~)
B(A0— S+ D-K-)

= 0.282 £ 0.016 = 0.016 £ 0.005,

= (0.460 £ 0.052 £ 0.028,

= 2.261 + 0.202 £ 0.129 £ 0.046,

= 0.896 £ 0.137 £ 0.066 £ 0.018,
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A) - ZE*)HD(*)_K_: intermediate states

» Larger dataset needed to draw a definitive conclusion

(. e
e B AL 6t

H L ed
3200 Nt It
¢ I..\‘.Q'.":.° o e »
3000 |- : ﬁaﬁ%ﬁi@ ]

“T00 4600 4300 5000
m(ZD7) [MeV]
/;;20_225?_
il
LI
ATy R
JE TN AR
5 iR |
O L | | L L

2024/17/2

1800 5000
m(Z D7) [MeV]

4400 4600

[arXiv: 2404.19510]

I

oN
S
-}

§3 - LHCb
= . 6 fb!
@400_— . —
S3200- L T
0;‘ ;li;. :':;:i‘:h-.
3000:— TR S
400 4600 4800 5000
m( XD ) [MeV]
% 30: | ' ' ' ' | ' ! ! | ' ' T
N -
‘g 20[ H E¢ -
n |
E T g
S 0 _
oL Jl . h . +H+#H .+.+++.+H.:
3000 3200 3400 3600
m(XT7K™) [MeV]
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Summary and prospects

» LHCb keeps making important contributions to spectroscopy study

v'B = DDh: exotic candidates emerging from amplitude analysis;
new decay modes with potential of exotic discovery being observed,

e.g. A9 5 I pO-g= A0 - ptpA
v'Looking further into y.;(3872)
v'E. baryon lifetime measurement

»In Run 3, upgraded sub-detectors & software-only trigger system
v'trigger efficiency for fully hadronic modes largely improved

18

Run 5 Run 6

16 - 300
a ’ —_
b 141 Upgrade Il 250 ]
§ 121 >
7 1S4 200 @
2 10, Upgrade Ib :
2 | 150 2
g 8 -
[ [}
£ 6] Upgrade | LS3 100 &
é 4 1S Run 3 " £

2 Run 1 Run 2

2010 = 20'1; — 2020 2025 2030 2035 2040 2045 °

Year

More data, more chances!
/35



Back up
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