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LHCDb experiment in Run 1-Run 2
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* Run 3: almost 9.56 fb
Excellent vertex and IP, decay time resolution: Hadron and Muon 1dentification
* o(IP) =~ 20 pm for high-p tracks * €k~ 95% for e,k = 5% up to 100 GeV
* 0(1) = 45 fsfor BY - ] /¢ and B? - D;m™* decays * €, ~97% fore,,, =~ 1-3%
Very good momentum resolution: Data good for analyses
*6p/p =~ 0.5% — 1% forp € (0,200) GeV * >99%

« a(mg) = 24 MeV for two-body decays
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

Outline

* Charm-strange mesons
* Exotic charm-strange mesons

e Charmonia states

BT > DD K* — _ BT - D**D K* _
*_) 0 B° _)DOD;T[ + *— 1+ 17+ B —>D(*)D;-7T+7T_
Tes0(2870) g, p=pp+ B* =D DK Double-peak i
T (29000° 1 D008l he(4000), £c1(4010), he(4300)  DOUDEPSIKI
Yc0(3915) €50 T:0(2870)°, T21(2900)° s1 sT T time
—t—t—— U E—
BY - D D*K+m~ B* - D*"Dim* B~ - D~DOK
Searching * 0
D .,(2590)* T ,(2870)
sO( ) T:§0(2900)++/0 CcS
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Charm-strange mesons

D:™ spectroscopy
Phys. Rev. D 89, 074023

Relativistic quark model

Some discrepancies between
predicted and measured masses
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https://doi.org/10.1103/PhysRevD.89.074023
https://doi.org/10.1103/PhysRevD.89.074023

100F. LHCb

B° > D™ D*K*m~

* Phys. Rev. Lett. 126 (2021) 122002
e Statistics: 5.4 fb™1
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https://arxiv.org/abs/2011.09112

B° > D™ D*K*m~
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* Pole mass: mp = 2591 + 6 + 7 MeV : g 30
 Polewidth:[ =89+ 16 + 12 MeV S 20
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0t

direction of B? in the DS“L] rest frame
e Strong candidate for D;(21S,)
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D.1(2460)* - DIntn~inB - DWDIntn™

* Babarand CLEO discovered the D;,(2317)" and o —
D.,(2460)* states } p— —_— ‘3
. Phys. Rev. Lett. 90, 242001 28001 -
. Phys. Rev. D 68, 032002 §2600ﬁ_ — ]
. The 100 MeV lower mass compared with quark g 2400 ogeeo 0 |
model prediction = R PET

2200 L Godfrey, Isgur, PRD32(1985)189

e Phys. Rev. D, 1985, 32

mesons discovered before 2003

. M(Dy,(2460)%) — M(D?4(2317)*) ~ M(D*) — M(D) 2000 — mesons discovered after 2003
. f i= o* 1+ 2t 5= ??
* !—OW€r mass makes de_caym_g tO D (*_)K 1600 Charm-strange mesons
impossible, dominant isospin violating decay of
DS(*)+7TO, very small width  Rept.Prog.Phys. 80(2017) 7, 076201
_ , * Hadronic molecule?
» Their nature: e Tetraquark state?
» Isospin conserving decay D.,(2460)" — « Charm-strange meson w/ strong
Dfn*m~ to a sizable rate couple-channel effect?
4/14/2025 LHCbEB — DDh%#T 7



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.032002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.32.189
https://arxiv.org/pdf/1609.08928

D.1(2460)* - DIntn~inB - DWDIntn™

« Double-bump line shape in m(nr) if Dg1(2460)* is a D*K hadronic modecule
Commun. Theor. Phys. 75 055203

« The multiplet including T,.s(2900)**, T.s(2900)°, and T,.,(2900)° could be the radial
excitation of a lighter multiplet containing D;,(2317)*

2900 — 2317 = 583 MeV similar as M(y(2S)) — M (15))
Phys. Rev. D 110, 034014

S33(2335 £ 100) — D°K9 K+ K%~ (weak decay) S33 = X(2900)

Radial excitation

 ————
511(2367+10) - Dyn~| D3 (2317) S92(2367 £ 10) — D, 7wt S11 = D, (2900) | S12, T3 | S22 = D% (2900)
+ second state
n=1 n=2
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https://iopscience.iop.org/article/10.1088/1572-9494/accc1f
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.034014

D.,(2460)*

* arXiv:2411.03399

* Statistics: 9.0fb™?

+ B® - D—D,,(2460)*

« B* - D~D,,(2460)*

+ B® - D*~D,,(2460)*

* Amplitude fit
* |Isobarapproach
* TF-PWA software link

* The model f;(500) + £,(980) and mr K-matrix cannot
describe the data well

* The model in paper Commun. Theor. Phys. 75 055203

also cannot describe the data well
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https://github.com/jiangyi15/tf-pwa/
https://iopscience.iop.org/article/10.1088/1572-9494/accc1f

D.1(2460)* - DIntn~inB - DWDIntn™

* Model w/o exotic contribution e Model w/ exotic contribution
* f0(500) + £,(980) + f,(1270) e £,(500) + TET + TS

* fo(500): relativistic Breit-Wigner « T.stested with two models
(RBW) « RBW

* £,(980): Flatte model « K-matrix (scattering length

 f,(1270): RBW w/ mass and approxmation)
width fixed . (V ﬁ)

* Note that the pole of f;(980) and B V2/ o
f»(1270) are far away from . B ppk+iva(typpr—1)

kinematic limit of m(mm)

4/14/2025 LHCb_EB - DDh%#r

B2ppkppsnt+(iypprk—1(iv2ppsn—1)
Scattering length
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D.1(2460)* - DIntn~inB - DWDIntn™

* ,(500) + £,(980) + £,(1270) A AT .
= 100 - ol 80 9 fp! D
* Large contribution from £;(980) and £, (1270) S wi s +
* Large interference between f0(500) and f5(980) ; . ; of y
forming the double bump lineshape in m(mm) = _7 ] Eepgt
* The mass and width of f,(500) are different from - ()(GV) v i
the results in other processes - .
______ ;Zogggg 3107 ;Igb(it; m(xtm™) >0.39 ((}5V
0 E T
————— £(1270) S¥f
Resonance Mass (MeV) Width (MeV) FF (%) ?acligﬁround P
e otal fit _5-5
£2(500) 376 9+ 16 | 175+ 23 +16 | 197 + 35 + 23 + Daa ERES WA
£5(980) 945.5 167 187 + 38 + 43 T i Gy
f2(1270) 1275.4 186.6 29+ 2+1
4/14/2025 LHCb LB — DDh%#f 11




D.1(2460)* - DIntn~inB - DWDIntn™

* fo(500) + Tg5" + Tgs
» The mass and width of f,(500) agree with previous measurement better
* Pole mass just below DK threshold

Scattering length: —0.86(4+0.07) 4+ 0.44(40.07)i fm

JP favours 0%

Significance over f;(500) + f;,(980) modelis larger than 10 o

Isospin symmetry is conserved

Resonance Mass (MeV) Width (MeV) FF (%)
£5(500) 464+23+14 | 214+28+8 | 199742 439
7 +t/0 2312 +27 +11 | 264+46 £21 | 126727 + 20
CcS
Resonance Mass (MeV) Width (MeV) FF (%)
f0(500) 474430418 | 224+23+16 | 248720 + 39
T H+/0 2327 +13+13 | 96+ 16+ 23 156157 + 25
CcS
4/14/2025 LHCbEB — DDh%#T 12




Candidates / (0.008 GeV)
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Consistent results obtained w/ RBW and K-matrix model except for the width
Assign large systematic uncertainty for the width
e T,s:Mass: 2327 + 13 + 13 MeV and width: 96 + 16117° MeVv
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Outline

* Charm-strange mesons
* Exotic charm-strange mesons

e Charmonia states

B* - D*DK* — _ B* - D**D K* _

L o B> D°Dfm + s—y+pr+ B -» DWDrtn
Tes0(2870) " p+ | p-ptp+ B =D D7K Double-peak
T¢s1(2900)° (29 oo§++ o hc(4000), x1(4010), h(4300) DOU(Z :ér()))ef _')”D+ .

Yeo(3915) €50 T:.0(2870)°, T:.,(2900)° s1 sT T Time

—t———— —t—
BY - D D*K+m~ B* - D*"Dim* B~ - D~DOK
Searching * 0
D¢o(2590)* ) T:0(2870)
° T:<0(2900)*+/0
4/14/2025 LHCbEB —» DDh5#T 14




BT > DTD™K™

« Phys. Rev. D102 (2020) 112003
 Statistics: 9.0fb™~1

e Various contributions
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https://arxiv.org/pdf/2009.00026

BT > DTD™K™

o]
=]

* Two new tetraquark states
* Quarkcomponent: cdsu
T¢s0(2870)°
 m=2866+7 1 2MeV
e I'=574+124+4MeV

W A U
S o © o O

20

Candidates / (17.3 MeV/c?)
Candidates / (17.3 MeV/c?)

* 0 10
Tcsl(zgoo) () —— o]
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- I'= 110i11.i4MeV e [T T T T V(3770) — D' D"
* One new charmonium state: y.,(3915) = *} S 2.,(3930) 5 D* D" Xco(3915): 0*
= 40p o x,(3930) - D' D
N: . = sof ———— y(4040) - D* D
s “F S 2 S f — — .- y(4160) - D' D
= F Z § g AR w(4415) - D* D
S % Is g 10f “ AR = X,(2000) — Dk* Tes0(2870)°: 0
5 F S b O NI P N s I © X4(2900) - DK* T (2900)°: 1°
= 3 23 3 33 -------- Nonresonant
5 0f SE i g T m(D*K*) [GeV/c?]
o 0—1 e :0.5 = 6 = Oi.S “l
cos(8(DKH)
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B~ - D D°K¢
« PRL 134 (2025) 101901

« Statistics: 9.0 fb~1
» Contributions from Dy, states and T/, (2870)°

o~ — T v T L F 5
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S 350 fDua () 217 5 J
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E 150 LHCb 8F ] . +
g 0fh! f ] NR (exponential) 0
100 3 = E
© ; : z NR (uniform) 1-
50 y \E - 6 =
o B e R 54 ; 2vevt; 5: N R R B T:SQ(287O)O ot
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https://arxiv.org/pdf/2411.19781

B~ - D D°K¢

T¢s0(2870)° - DS

* Significance: 5.3 ¢ S a0 on o

+ m=2883+11+8MeV S 1t ey

* ['=87247 + 17 MeV i U

* Consistent w/ previous measurement 5 0 NP

» Systematics from modelling m(D~K{) e P i ’5
* K-matrix My [GEV/c?)

« Higher spin D;3(2860)

o120 . ~o 17—
. * 01 — F(Tc*so(2870)0_’DOI?O) _ §100: %120; LHCb () *
RI[TCSO(287O) ] = F(Tc*so(2870)0—>D+K_) = 3.3 i 1.9 u@: 80; 5‘2100; 9fb! ]
. ) 01 — T(T&51(2900)°5D°K0) S b S wf
Ri[Tz51(2900)°] = I(T},(2900)0-D+K~) 015+ 016 3 jo z
. RilTE1(29000°] 3 S
Ri[T:0@870)0] 0.044 + 0.040 £ 20 £

[==)
=]
=

* Isospinviolation : meK.; (GeV/e?] Y Gevien
* Needs further explanation
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+ s+ — 1+ +
BT ->D""D"K"and B™ —
PRL 133 (2024) 131902
Statistics: 9.0 fb~1!
BT > D**D"KTand BT - D*"DTK*
Bt > R(D*J—’D¢)K+- The amplitude is related by C parity

B+ > D**DK* + + D™D~
B* - D*~D*K* } BY > RKT,R=> = prp+

1+d 1-d
e A(x) = % [chj(x) + ckAk(x)] +—- [Cjchj(x) + clAl(x)]
« jER(D**D¥);k € R(D*"K*,D*K*); 1 € R(D**K*,D"K™*)

* |tisthe first time that amplitude analysis can determine the
C-parity of the resonances

2\\2
(IVIDK/(GeV/C ))

* Clear difference due to interference of different C-parities

4/14/2025 LHCb LB - DDh%#1
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https://arxiv.org/pdf/2406.03156

Bt - D**D KT and BT
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* Contribution from T, seenin one channel
e Some tension in the mass, width and fractions
T0(2870)° - D*"K* is forbidden by spin-
parity conservation
* Upper limits (95% CL)
T},(2900)° > D*"K*,B* - T%,(2900)°D*: 1.5%
T%,(2900)** > D*K*, BT - T,(2900)**D*": 3.3%
Property This work Previous work
T7,(2870)° mass [MeV] 2014 F 1T £ 15 2866 + 7‘|
T7,(2870)° width [MeV] 128 + 22 + 23 574 13
T2,(2900)° mass [MeV] 2887 + 8 + 6 2904 + 5
T*(2900)° width [MeV] 92 4 16 + 16 110 + 12
B(B* — T%,(2870)°D™+) (45105708 +£0.4) x 107° (1.240.5) x 107°

B(B* — Tx,(2900)°D™+)  (3.8+07 1164+ 0.3) x 107 (6.7 42.3) x 1075

B(B+—T%,(2870)° D) +)
BBF ST (2900)0 D) [1.17 +0.31 £ 0.48 0.18 + 0.05]

[
<

Candidates /(18 MeV)

]
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B - D°Dir~and BT > D Dfn™
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https://arxiv.org/pdf/2212.02717

B - D°Dir~and BT > D Dfn™

~30FT T T T T T T T T — T T T T T T T
?‘5250 | LHCb - Bicharond B | ;
. . =7 9fb NP B .

* Twodecays are related by isospin symmetry ., SR - ]

« Except for D*(2010)~ and D*(2007)° uw B ‘

* ++. 51y 2 O By {2 w0 ]
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Bt > D* Dimt

« JHEPOS8 (2024) 165
* Statistics: 9.0 fb™?!
 Main contribution from excited charm meson

* No strong evidence of T;5,(2900)**, an upper
limit is set 2.3% @ 90% CL

* The statistics is also limited

Contributions from excited D decays
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https://arxiv.org/pdf/2405.00098

Outline

* Charm-strange mesons
* Exotic charm-strange mesons

e Charmonia states

BT - DtD Kt _ _ BT -> D**D K+ _
*_) 0 B° _)DOD;T[ + *— 1+ 17+ B —>D(*)D;-7T+7T_
Tes0(2870) g, p=pp+ BT =D DK Double-peak i
T51(2900)° 1. gpgyreso  e(4000), xc1(4010), he(4300)  PRUIPIERE R L L
Xc0(3915) ~¢SY T:0(2870)°, T21(2900)° s1 sT T time
Pt TR E—
BY - D D*K+m~ B* - D*"Dim* B~ - D~DOK
Searching * 0
D.,(2590)* Tes0(2870)
sO( ) T:§0(2900)++/0 CS
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BT > DTD™K™

* One new charmonium state: y.((3915)

e
[ S
(=R = =

Candidates / (17.3 MeV/c?)
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wf
30f
20f

10F

Candidates / (17.3 MeV/c?)
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— . — .- y(4160) - D* D
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X,(2900) - DK* T¢50(2870)%: 0
s X 1(2900) — DTK* 7251(2900)0; 1~
------- Nonresonant
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[
.« PD
Charmonia spectrum G
Mass (MeV)
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D& D ..., J;}_ﬂ:?ﬁ) _T(_fl £4_200) Zc1(4140)
4100 3{;5 ....... w(4040) T Tot‘: (4020)

Do ¥ (3915) x (3930)
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https://pdglive.lbl.gov/ParticleGroup.action?init=0&node=MXXX025

BT > D**D"Ktand BT - D* DK™

e Atleastthree new charmonium states
h.(4000), x.,(4010), h.(4300)

S 80
S
- 60
N
2 20
33
|
2
N
313

[~/ Other contributions

- BN Background

o

- = Total fit

= Reference fit

[ Interference between h.(4300) and other contributions (not including y.1(4010))
- — = Interference between h.(4000) and other contributions (not including y,(4010))
[ =+ Interference between ¥1(4010) and other contributions

NN T7(2870)° and 7, (2900)°

+ Data

III]III]IIIIIIIIII]II]IIl!IIIIIlI

h,(4000): 1+~

my = 4000717122 MeV

I, = 184771127 MeV

h.(4300):1*-
my = 4307.3%2¢133 MeV

I, = 58728128 MeV

Xe1(4010): 1+
my = 4012.5735731 MeV

o = 62.777918% MeV

4/14/2025

4.4 4.6 4.8

M(D**D*) [GeV]

LHCb.EB - DDh%#7

Could be QM
Predictions
h.(2P)?

Could be QM
Predictions
h.(3P)?

Nature still
under debate
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Charmonia spectrum - o
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https://pdglive.lbl.gov/ParticleGroup.action?init=0&node=MXXX025

Summary

« LHCb experiment has observed many new states through B = DDh decays w/ data of Run

1-Run 2
* More exotic states and their properties are expected to be observed w/ Run 3 data
° Stay tuned hc(4‘000), XC1(4O 10), hC(43 00)
T550(287$)0, T+1(2900)°
I I ] I I » More
v v v ' { ' ¥
Dso(2590)"  T},(2870)° T}0(2900) /0  T7,(2870)° Double-peak in
T;1(2900)° D.,1(2460)" - Dfntm~
Xc0(3915)

20

fb)

— 2024 (13.6 TeV): 9.56 tb ™'
18 — 2023 (13.6 TeV): 0.37 fo'
2022 (13.6 TeV): 0.821b™
16 — 2018 (13 TeV): 2.19 fb”’
— 2017 (13 TeV): 1.71 fb™'
14 — 2016 (13 TeV): 1.67 b
2015 (13 TeV): 0.33 fb~'
{2 —2012(8 TeV):2.08 fb”"
E —2011 (7 TeV): 1.11 fb™!
4o —2010 (7 TeV): 0.04 i

8- /

I /

L ek
i s e e 'hank you!
2009 2011 2013 2015 2017 2019 2021 2023 2025 [

Year

IlIHIHIIHI‘I

Integrated Recorded Luminosity (
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Back up
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0 Nt it
B> D D"K™nm
J
+ A=Y HPskdy *(6p,) p*2° By oq"Psk By BW (Mt =) BW (Mt v -
* FDS] (mDKn) = FDS]%D*K(mDKn) + FDS]_)DKn(mDKn)

* Two-body mass-dependent width

. FDS]%D*K(mDKn) _ FDSJ_)D*K(mO) ) (qio

my

)2L+1

: B[,,(q; CIO; d)z

MpKn

e Constant
¢« r = FDSJ_’DK”(mO)/FDSJ_’D*K(mO)

 Almost equally good fit quality and the same D*K T~ mass lineshape are found for
different width fractions rin the range O to 1

* rcannot be determined with the current data, and is fixed to 0.5 in the fit
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