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= Introduction

= _LHCb experiment

= Physics analyses
« Amplitude analysis of BY - D™Dt K*n~

= Amplitude analysis and branching fraction measurement of
B* - DID;K*

» Summary and prospects
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Strong interaction

= Exists between quarks & gluons

= Described by QCD
= Asymptotic freedom

= Perturbative in high energy
» Precision calculation

charge
spin

= Non-perturbative in low energy region
= Precision calculation extremely difficult

= Property of strong interaction not fully

understood yet
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Hadrons
= Composite particles composed of quarks and gluons via strong interaction
= Binding energy is typically at low energy scale
= Primary platform to study strong interaction and QCD in low energy region

= Phenomenal description is based on Quark Model but extended

Conventional hadrons Exotic hadrons
? o 29) (o° '
Y % o0 '
baryon tetraquark pentaquark hybrid
o )
® B
meson hadronic molecule glueball

= Abundant hadrons
= Different contents -> Hadron spectroscopy
« Different structures

= Various excitation patterns (resonances)



Hadrons: properties

= Quark content and structure
= Mass

= Width (1/lifetime)

= Spin-parity

= Decay:
= A few decay weakly or even stable
= Most decay strongly or electromagnetically

How to determine these properties in theory?

How to measure these properties in experiment?



Hadrons: thecoretical side

= Phenomenological theories --- usually based on quark model
= e.g. Godfrey-Isgur (Gl) potential model for conventional mesons e Rev. D 32 159

H|V)=(Hy+V)|¥)=E |¥)
(2 24y1/2 2 2y1/2 Similar to quantum mechanics
Ho=(p"+m ") "+ (p"+m;") in hydrogen system

V(PO —HG™ + Hi® + Hif + H 4

= Solving the equation will give:

- States are classified according to n®5*1L, n.principle quantum number

D P = (1)L = (1)L S: spiq sum
(=1) =D . L: orbital angular momentum
= Mass expressed as function of (n,L,S, /) J: total spin

= Lattice QCD --- first-principle method
= Discretize time and space as lattices
= Precision quite limited due to the huge amount of computation

@


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.32.189

Hadrons: experimental side

= A hadron usually appears as a peak in the invariant mass of the system of

final-state particles s
— yer o' LHCD A

i X,4(3930) - D' D (a) .
rrrrr % ,(3930) - D" D

-—— y(4040) - D* D" -
— - y(4160) > D* D"
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= Mass & width: mass lineshape
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Candidates / (17.3 MeV/c?)
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= Spin-parity: angular distribution D'D") [GeVie]

= Decay patterns: observation in different final states and measurement of
the branching fraction

= Quark content: inferred from those of final-state particles

= Structure: inferred from other measured quantities and comparison with
theoretical prediction @



Hadrons: experimental side (cont.)

= Amplitude analysis: powerful tool to measure the properties of hadrons
= e.g. for a multibody decay: B° - P,P,P;P,, regard it as a cascade of two body
decays ~

B° > R;R,,,R;; > PP,,R,, > P;P,

Rest frame of A

Decay amplitude for two-body decay

my,Ap—Ac

A-BCp J4 * [
MA—>BC - H),B_)),C (¢B’ BB’ 0) Helicity frame ofA( =

B decay amplitude is the product of amplitudes of all cascade two-body decays

= Including the propagators of intermediate resonant hadrons, e.g. Breit-Wigner
function .

—m2 — imOF(m)t

BW(m|m0, Fo) = )

my,

Total amplitude is the sum of the amplitudes involving different resonant hadrons

Total amplitude contributes to PDF that fits to the phase-space distributions in data
= Extract fitting parameters, like mass, width, spin-parity, branching fraction O



Hadron spectroscopy in B - DDK decays

b - cc§ * B:B° BY
*+ D: D% D{y; D, D( e K: K*, K% K**, K*0

= [deal platform to study hadrons containing charm quark(s)
= Abundant final-state combinations
« DOK® . p,
- DODP® p¥ ) (exotic) charmonium e.g. J/Y
« DK™ tetraquark containing



Experimental status of B - DDK decays

Prog. Theor. Exp. Phys. 2020 (2020) 083C01

= Many decay modes established O ES—— Charged B mode
B° - D-D°K+ B+ — D°D*K?®
BY - D-D*K+ Bt — DD*+ KO
B° = D* DK+ B+ — DD+K?°
B® s D*D*K+ B+ — D*D*+ KO
. B° = D-D+K?® B+ — D°D°K+
» Intermediate resonances B° - D-D**K° + D*D*K9 B* — DOD*K+
. + p* + B+ — DDK+
Dtsl (2536)™, D¢ (2700)7,y(3770), B e g e Bopans
etc. B% — D°DCK?° Bt - D DKt

B° — D°D*KO + D®DOKO B+ — D-D*K+

Bt — D* DK+
B° — D*D*0 KO B* — D*D**K+
B — D°DOK+n—

= Amplitude analysis has rarely been touched due to low statistics
» Small branching fraction: B(B - DDK)XB(D — nh)*~10~"
= Low efficiency: presence of many final-state tracks

©



Amplitude analysis of BT > D"D K™
X0,1(2900) — D 7K™ phys.Rev.D102(2020) 112003

Phys. Rev. Lett. 125 (2020) 242001

= First csiid tetraquarks:

" Xc0(3930)
« JPC = 0t*, M~3924 MeV

« M~m(DS Dy ) : accss tetraquark? ? jues 2021, 06: 035
= search for it in DS D;

Candidates / (17.3 MeV/c?)
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Two extensions of Bt - DD K™

« BY 5> D*D"K*m~ undiscovered
= Check for the resonances presented in Bt - D*D K™
= Search for new D} statesin DYK*n~

= Three-body system was rarely touched before

= K7(892)° - K*nr~ : m(DF) > 2.76 GeV; JP # 0% | |

KT Swaves m(D) > 253 GeV; J7 = 07, 14,27+ DL [
(while DK can only access J¥ = 0%,17,2%,-+)

BT - DID-K* undiscovered
= Search for conventional/exotic charminum in DS D;, e.g. x.,(3930)
= First time to study the D D; system in an exclusive B-meson decay

Yes!! Let’s study these two decays at LHCDb!

©



LHCb experiment




LHCb experiment B* BO: BY: A

(ub) (db) (sb) (udb)
» LHC: beauty&charm factory 4 i 412
= pp collision @ /s = 13 TeV : ~20000 bb /s

= LHCb detector: Dedicated for the precision reconstruction of heavy
hadrons

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

VELO: ‘ RICH: iMuon System | ® 2 < n < 5range: ~ 25% of bb
primary vertex PID: primarily K, 7t separation pairs inside LHCb acceptance
impact parameter | . ma M5

displaced vertex ‘ ’

Beam 1 l\’f:;‘;" | Beam 2
a o “ h
Interaction

LHCb MC
Vs =14 TeV

region ........ (9P ;5 ) SEEE EEE B T SR

! - % o ' Calorimeters:
Tracking Station: p for Tracking Stations: ' PID: h,e,y, m°
lower energy tracksand long || p of charged particles '

lived Ve reconstruction that traverse the magnet |
: : [Int. J. Mod. Phys. A 30 (2015) 1530022]




LHCDb dataset

» Run1: 3fb~! pp collision @ 7, 8 TeV
» Run2: 6 b~ pp collision @ 13 TeV
= Run3: ongoing from 2022

Integrated Recorded Luminosity (1/fb)
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2022
2022 (6.8 TeV): 0.28 /fb

2018 (6.5 TeV): 2.19 /fb
2017 (6.542.51 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): 1.1 /fb
2010 (3.5 TeV): 0.04 /fb
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AmEhtude analysis of
D'D K'm

Phys. Rev. Lett. 126 (2021) 122002



https://doi.org/10.1103/PhysRevLett.126.122002

B? - D*D K*nn~ dataset

Candidates/(4 MeV)

=« Dataset: 16-18, L = 5.4 b1
= Reconstruction: B® - DD K*n
m(K*tn™) < 0.75GeV
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https://www.sciencedirect.com/science/article/abs/pii/S0168900205018024?via%3Dihub

B! decay amplitude

= Using Helicity formalism

» Decay chain: B® » D™D}, D3, = DYK*°, K*0— K+~

= Intermediate resonances:
= Kt~ : S-wave because m(K*n~) < 0.75 GeV
« Modeled by J¥ = 0" K*(700)°
« D*K*nr=: 0 +0Y - 0-,1%,27,--
» Anon-resonant (NR) term with j¥ =0~
- /P =1* D, (2536)*
= Anew Dy state

= Total amplitude

Helicity Wigner = Momentum barrier factors
coupling d-matrix for B and D, decays

J
M = ZHDSk dO,gSk (9DS )pLBO FLB() (pd)qLDsk FLDSk (qd)
k

BW(mg+,-)BWp_(mp+g+,-),  Mass lineshapes

= Op,: angle between D
and D~ momenta in the
D}, rest frame

= p,q: center-of-mass
momentum of D™D},
and DK *°

= d =3 GeV 1~(0.6 fm):
effective radius of the

particle



Amplitude fit method

Pig(G | 3) = (15)) MG | &) - @)@
X: (Mp+g+p—, My+y-,60p ) ®(x): phase space factor
w: fitting parameters e(x): efficiency

I(w): normalisation factor

= Maximum likelihood method
~InL@) =— sy Y. W;In Py, (%; | &)
=— sy ) WiIn| MG, | &)* + sy nI(@) ), W,

— Sy Z W, In[®(%,)e(%)].

= Background subtracted by introducing sWeights W;



Amplitude fit result
= 3D fit: m(DTK¥n™),m(K*n~), cosOp_
= Fit parameters
= Helicity couplings of D, and D, (2536)*

DS, BW parameters

= /¥ =07 of Dy leads to the best fit
« JP =1% and 2~ are rejected by at least 150
= Significance of Dy, : > 200

myp = 25911+ 6 + 7 MeV,

+
[ =89 + 16 + 12 MeV D4o(2590)



Background subtracted by sPlot

Mass projections
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Angular projections

= cos 0, behavior described by dé’o (cosOp, ) in the amplitude
= /7= 07: |[M|* ~ constant

= /7' = 1" [M|* ~ 2nd-order polynomial
- /¥ = 27: |[M|* ~ 4th-order polynomial

» J¥ = 07 model is most consistent with data
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Fit fractions

Fit fractions could be useful to obtain the partial decay width
information of the states in the future

. [IM G| &) DF)d%
[ IMGE | ®)POF)d3

2 [Re M (X | &) MY G | ®)| PFE)dX

IFU = - - - -
[ IME | ®)*@F)dx

Fit fraction (x107?)
Dy(2590)" 63 £ 9 (stat)E 9 (syst)
D1 (2536)* 3.94 1.4(stat) £+ 0.8 (syst)
NR 51 £ 11 (stat) £19 (syst)
D -NR —18 +£18 (stat) £24 (syst)
D}, /DZ, 6.1 £ 2.4 (stat) = 1.4 (syst)




Systematic uncertainties

The primary source is the D;,(2590) width model

Source mp I'r Fit fraction (x10~2)
[MeV] [MeV] | DY, DY, NR DI-NR | DI/DZ,

D(2590)" width model | 6.1 8.0 | 47 00 15.0 19.6 0.5
D¢1(2536)" mass shape 0.3 43 (23 06 3.5 5.8 1.1
Kt~ mass shape 2.7 26 [ 3.0 02 1.2 4.4 0.1
Blatt—Weisskopf factor 0.7 34 | 28 03 1.3 3.0 0.2
Including ce resonances 1:1 04 | 27 01 6.3 10.0 0.4
D7~ resonance veto 2.4 21 |46 03 94 4.5 0.2
Simulation correction 0.2 1.1 | 08 0. 0.7 0.8 0.2
Momentum calibration 0.5 04 |12 0.0 1.4 2.5 0.2
Total 7.2 11.7 | 86 0.8 19.3 23.9 1.4




D .,(2590)" in D] spectroscopy

A strong candidate for D.(21S,)", the radial excitation

of the ground-state DS meson
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= 3400

Large discrepancy is seen in the é) 3200
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= 'S, ’s, °p, P, °P, D, D, D, F, F, °F,

JP= 01" 0t 1t 2t 1= 2= 3= 2t 3t 4t

Phys. Rev. D93 (2016) 034035
Prog. Theor. Exp. Phys. 2020 (2020) 083C01
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Studyof B" > DID; K™

arxiv:2210.15153
arxiv:2211.05034



http://arxiv.org/abs/2210.15153
http://arxiv.org/abs/2211.05034

B* - DID;K" dataset

= Dataset: full Run1 + Run2 data, £ =9 fb™!

- Reconstruction: B* - D}D; K*, DI - KtK*n*
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Near-threshold structure in D D
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Amplitude analysis



Candidates / (20 MeV)

Observation of X(3960) in D! D}

o Amplitude analysis
o Strategy is similar to the B® - D*D~K*r~ analysis

o Default model
- 07%: X(3960), Xy(4140), non-resonant (NR) (4260 is /(4230) in PDG2022

- 177 ¥(4260), P (4660)

50 LI B A B RN R ™ o
: tch  +  Data 1 2300 1 ‘ ]
mys 9 fb-! Total fit b = - 9fb! -
r — X(3960) o f ]
r Xo(4140) ] g’zo- ’ ] .
30F _— 1357 ! v' X(3960) describes the
0k Non-resonant DD § 2 | ] near-threshold peak
; ] 5 10 .
0 ] -
e T (A v X,(4140) accounts for the
40 42 44 46 48 24 26 28 30 32 34 . .
m(D+ D) [GeV] m(DK+) [GeV] d]p at N4‘.14‘ GeV Via
T A I I L interference
o 30 [ LHCb { 7]
= [ o ]
g I 4
>20f d .
g 10 .
gt T
LA AT @
24 26 28 30 32 34

m(D;K+) [GeV]



Amplitude fit result

Component JFC M, (MeV) Iy (MeV) F (%) S (o)

(
X(3960) 0t 3956 £5+10 43+£13+8 254+7.7+50 12.6 (14.6)
Xo(4140) 0T+ 4133+6+6 67+17+7 16.7+47+39  3.8(
1(4260) 1-= 4230 (fixed) 55 (fixed)  3.6+04+32 3.2
1(4660) 1=~ 4633 (fixed) 64 (fixed)  2.2+£02+08 3.0 (
NR 0+ - - 46.1+13.24+11.3 3.1 (3.4)

First uncertainty statistical, and second systematic
Fixed parameters taken from PDG

o F: fit fraction (1 (4260) 1s (4230) in PDG2022)
o § : significance
(numbers in brackets don not include systematic effect)

e Spin-parity tests:
- X(3960): 0** favored; 17~ and 2% rejected by at least 90
- X0(4140): 0** favored; 17~ and 2** rejected by at least 3.5¢

©



Further investigation on X;(4140)

o Dip around 4.14 GeV near the J /Y ¢ threshold

S0F T | [ & T [ & [~ S0F | | L L B
[ Luch +  Data ) LHCb <4  Data .
40 B 9fp-! — Totalfit s 40 B 9 tb-! — Total fit 1
- — X(3960) . — K matrix A
X0(4140) . W(4260) -

— (4260) = —— (4660) -

(4660)

Non-resonant D} Dy 1

Candidates / (20 MeV)
8
|
Candidates / (20 MeV)
3
|

40 42 44 46 48 40 42 44 46 48
m(Ds"Dy”) [GeV] m(Ds*Dy”) [GeV]

The default model:
modelled by a new
resonance, X,(4140)

No definitive conclusion on existence of X,;(4140)



X(3960) and yx.4(3930)

e X(3960): M, =3955+6+11MeV; I, =48+ 17 + 10 MeV; JPC = 0+*
e x:0(3930): M, = 3924 + 2 MeV; [, =17 + 5 MeV; JPC = o+
Phys.Rev.D102(2020) 112003, Phys. Rev. Lett. 125 (2020) 242001

o Are they the same particle? If yes X denotes X(3960)/xc0(3930)

e '(X > D*D7) v.s. I'(X » DFD;) would imply the nature of the
state, exotic or conventional?
« Conventional charmonium predominantly decays into D™ D®)
- It is harder to excite an ss pair from vacuum compared with uii(dd)

I(X - D*D") BB* ->D*D KFFy .,
I'(X > D;Dy) B(B* »DiD;K)FFL Lo

Unknown quantity yet.
Then measure it!


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001

Branching fraction measurement



Strategy

= Relative measurement

B(B* -»D{D;K*) Ng' [BMD* >K ztzh)]’
B(B* >D*D"K*) N |B(DY K K*z")

R

Know quantities from PDG

" Wsig, Weon+ SWeights determined

from BT mass fits to extract the New = 3 Wsig, i
sighal components Y S ey (m*(DEDY), m*(D; KY))
w .
Nggrl;r — Z con, i
< e . n (m2(Dt D~ 2+
" €5ig, Econ- €fficiency obtained from i €con,i(M (D"D7),m"(D”K™))

MC simulation

©



Efficiency

= Denominator: Generator-level simulated sample without any cut

= Numerator: Fully reconstructed simulated sample after all selections

B*—D!D;K* runl Total eff. (x10)
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Branching tfraction result

B(B+ —>D+D_K+) 1. Stat.
R = - i S_ == 0.525 +0.033 + 0.027 + 0.034 2. Syst.
B(B™ ->D"D"K™) 3. External

[(X » D*D") BB >D'D KN FFy _ppye
I'(X - DyD;) B(Bt->DID;KH)FFX__. ..
= 0.29 + 0.09 (stat) + 0.10 (syst) + 0.08 (ext)

= If X(3960) and y.(3930) is the same state

«'(X > D*D™) <T'(X » DFD;) disfavors the conventional
interpretation

« Conventional charmonium states predominantly decay into D)D)

©



Summary and prospects




Summary
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= 60¢ Fit = 40 F 9 fb-! Total fit b
o 0 . ] o F —— X(3960) ]
Q 50F > Dy(2590) " 3 Q f Xo(4140) 1
= I NeD,(2396)" > 30F —— (4260) .
8 40p =R E . 4(4660) ]
3 30k 4 = Non-resonant D} Dy
= 30F = = C 3
-c% g Dy (2 59 0) ] g ]
20 = |®) . 1
o r 10 -
101 3 C
; Hr ] ok ot .
0 Y3 53 3 35 34 4.0 4.2 4.4 4.6 4.8
: 3. 3. m(D;D;) [GeV]
My [GeV]

= Properties measured using amplitude analysis

» D,,(2590)": strong candidate for D;(215,)*
» X(3960): charmonium(-like) state with JP¢ = 0**


https://doi.org/10.1103/PhysRevLett.126.122002
http://arxiv.org/abs/2210.15153
http://arxiv.org/abs/2211.05034

Prospects on the B -» DDK analyses @ LHCb

» Excellent potential of B - DDK decays for hadron spectroscopy
studies

= Decays with purely charged final-state particles can be efficiently
and precisely reconstructed @ LHCb

=e.g. BY > DMW*DOK* BY - DODOK*,etc.  Available yields ~10% ~ 10°
= Amplitude analyses of such decays are possible

» Decays involving K° /% /y rarely touched
= Low reconstruction efficiency and poor resolution

= Large LHCb data that will be collected in future runs

= Allowing detailed mvestlgatlons of the underlying resonances in some
decays. e.g. X(1(2900) in B® > D*D"K*n~

Q L= Run 5 Run 6 - o

2
300 2
ol 13

» Enabling the analyses of the decays :«-
involving K°/n®/y

=
I

2 =]
- [
1 250 E
| =
. -l
200 B
17 %

I
LSt

Max Luminosity [10%/ ci

. &
= o

150 &
a =




Possible future studies of D ;,(2590)"

» D.,(2590)" - D*K*/D**K? in principle possible
» Investigated in B - DD*°K* and B —» DD**K"° decays

« I'(D}, - D*K)/T'(DJ, » DKm) will be an additional input to help
identify the D,,(2590)* nature

= DKm system can be investigated in other processes
* By » DKnn/DKnK

= Prompt production



Towards the nature of X(3960)/x,.0(3930)

= Precision measurements of X(3960)/x.0(3930) properties
- X(3960): My = 3955+ 6 + 11 MeV; T, = 48 + 17 + 10 MeV
« Xc0(3930): My = 3924 + 2MeV; [, =17 +5MeV

= To re-observe X(3960) —» DS D; in other decays
ve.g. B > DD K n™

» To re-observe y.,(3930) in the D°D° system
»e.g. B> D°DYK

= |If X(3960)/x.0(3930) is exotic, it could decay into cc + h
« JPC = 0"t X(3915) - J/Yw
= Comparable properties with those of X(3960)/x.0(3930)
= Investigation of B — J/YwK will provide extra information
=e.g. I'(X - J/Yw)/T(X - DS Dy)

©
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Introduction (Backup)




D! spectroscopy = 10 mesons observed

. . JP .
Before the discovery of Dy, (2590) DS](3040)' J© undetermined

= 3400 T3 " DX (2700): good candidate for 235,
2 3200 — —=—— = D, 5(2860): candidate for 13D, 3
— 3000 — D,,(3040) — n
72] - .
o - D.,(2860 D5(2860 — . .
s 0F e ] - Mass far below prediction

2600 T == qox = Still puzzles today

2400 e - oK = c5ud tetraquark?

2200 Dg(2317) Black: predictions = .

- = Colored: observations 3 . DK/D K molecular?

2000 = E

1800 Phys. Rev. D93 (2016) 034035 — _

rs00 Prog. Theor. Exp. Phys. 2020 2020)083co1. §  m Qther states well established

ou

3 3 3 3 3
25+1p,,x's, S, b, P, P, D, D, D, F, F, F,

JPLom 170t 1t 2t 17 27 37 2t 3t 4+
= Six states unobserved below

= S: spin sum 3.1GeV
= L: orbital angular momentum = 215,: ~2.6GeV
= J: total spin; P = (—1)L*1 = 1'D,,1°D,:~2.86GeV

u 23P0, 21P1, 23P2: ~3GeV



Charm-strange mesons

State JP  Mass MeV) Width (MeV) Observed decay modes

DY 0~ 1968.35 +0.07 (5.0410‘0‘1%10_13 . nzt, KYK™ %, etc.
D*(2112)* 17 21122+04 <19 DYy, Dfete”, D n°
D*(2317)* 0% 2317.8+0.5 <3.8 D}

D, (2460)t 1t 2459.5+0.6 <35 DYy, D**z°, Dintn
D (2536)" 1t 253511+0.06 092+0.05 Diz*z", D*K, DKx
D*(2573)t 2%  2569.1 +0.8 16.9 + 0.7 DK, D*K

D* (2700)* 1~ 2714 +5 122 + 10 DK, D*K

D* (2860)" 1= 2859+27 159 + 80 DK
D*,(2860)* 3~ 2860 + 7 53 +10 DK, D*K

D, ;(3040)" 7 30447 239 + 60 D*K

Prog. Theor. Exp. Phys., 2020, 2020(8)



Charm-strange mesons (cont.)

S 2541] Mass (MeV) Width (MeV)
tate n J Exp. Gl GLS® T o GLS [1] Prog. Theor. Exp. Phys., 2020, 2020(8)
[5] Phys. Rev. D, 2016, 93(3): 034035
DY 1's, 196835+0.07 1979 1967 W - - [6] Phys. Rev. D, 2015, 91: 054031
Dr(2112)F  1%S, 21122404 2129 2115 <19 1.03x 1073
D317 1%P, 2317.8+0.5 2484 2463 <38 221 InLy) cosfy, s, nL;)
D,,(2460)* 1P, 2459.5+0.6 2549 2529 <35 0.135 Int.! = wd p L)
n — S COS n
D,(2536)" 1P/ 2535114006 2556 2534  0.92:+0.05 140 L B B L
D%,(2573)F  1°P, 2569.1+0.8 2592 2571 16.9 +0.7 10.07 -
D! (2860)*  1°D, 2859 + 27 2899 2865 159 + 80 197.2 -
- 1D, - 2900 - - 115.1 -
- 1D} - 2926 - - 195 -
D*,(2860)*  1°D, 2860 + 7 2917 2883 53+ 10 46 14
|D2700)) \ [ cosbgp sinfgp |235,)
- 1’F, - 3208 3159 - 292.5 416 |D;"1(2860)> —sinfgp cosfgp |13D1>
- 1F, - 3186 - - 182.6 372
- 1F] - 3218 - - 323 193
- 1°F, - 3190 3143 - 182 151
- 2's, - 2673 2646 - 73.6 76.6
D (27000 235, 2714 +5 2732 2704 122 + 10 123.4 -
. 2°P, . 3005 2960 - 145.6 166.6
2P, \ 3018 - 143 286
D,,(3040)* 304473 239 + 60
2P/ 3038 2992 147.6 131.3
- 2°P, - 3048 3004 - 131.5 86.3




Charmonium

o 1 (4660) LA (3059 |
: 4600 |— . e A PP
= Rich structures e A
4400 — _1@(4390)—1.0(4S) —
. : 43607 — (427:4) _X(4350ﬁe (4240) X(4250)
- Conventional charmonium _wwp »mygs - T8 - o el e
) ) - . T N X(4160),,,,,,,_x(055rD55_
. Predomlnantly decay Into % 4000 |~ ?7':_}1{3?_«%40@939)7 o ;x o ity 24000 = Z_(’_ZQBSL g*g
D(*)E(*) if mass above D(*)D(*) 2‘3800 . (’ID’) "k (}gé(,j s (3872);;,5)*_* =) ) Zswn - - D
—_y
| =) o ) PP
3600 — T.(28) — (1P) ]
—=hd1P) - ap ~ = Black: observed cc
} . 3400 |- (1) —
= Exotic charmonium N + Red: predicted c¢
00 — —
= Have c¢ + h/y decay process 3000 (IS)'WS’ = Others: observed exotic
. _|

R S | O T S el e ) el U i
Prog. Theor. Exp. Phys. 2020 (2020) 083C01 Phys. Rev. D, 2005, 72: 054026

= Inner structure unclear

= Experimental information to help identify charmonium states
= Precise measurements of the mass, width
= Investigations of different decay modes

= More states are expected in experiment

= Open charm: D((S))D(S)() ATAL
=cC+h/y



Conventional charmonium

State 5+ L, Mass (MeV) Width (MeV)
Exp. NR GI GIS Exp. NR
7.(1S) n,(1'Sy) 2983.9 + 0.4 2082 2975 2979 32.0+0.7 -
Jhy w(13S)  3096.900+0.006 3090 3098 3097 0.0926 +0.0017 -
7.2S) w(2'S,) 3637.5+ 1.1 3630 3623 3623 11357 -
w(2S) w(2’S))  3686.10+0.06 3672 3676 3673  0.294 +0.008 -
- n. (3'S) - 4043 4064 3991 - 80
w(4040) w(3S) 4039 + 1 4072 4100 4022 80+ 10 74
- n. (4'S) - 4384 4425 4250 - 61
w(4415) v (4S)) 4421 + 4 4406 4450 4463 62 +20 78
20(P)  z (’R)  341471+030 3424 3445 3433 108 +0.6 -
Z.(1P) 2 (1°P)  3510.67+005 3505 3510 3510 0.84 +0.04 -
Zo(1P)  x (1’R)  3556.17+0.07 3556 3550 3554 1.97 +0.09 -
h,(1P) h (1'P))  352538+0.11 3516 3517 3519 0.7+04 -
3860 3862130 201+18
(2o (3860)} 1. (2°Ry) - 3852 3916 3842 o 30
{£.0(3930)} 39238+ 1.6 174 +5.1
{X(3940)}  x.(2°P) 3942 +9 3925 3953 3901 3747 165
22(3930)  x (2°Ry) 3922.5+ 1.0 3972 3979 3937 352+22 80
- h, (2'P,) - 3934 3956 3908 - 87
w(3770)  y (1°D,) 3773.7 £ 0.4 3785 3819 3787 272+1.0 43
w(3823)  y (I°D,) 3823.7+0.5 3800 3838 3798 <52 -
v(3842)  w(1°D;) 3842.71+020 3806 3849 3799 2.8+0.6 0.5
- 1. (1'D,) - 3799 3837 3796 - -
w(4160)  y (2°D,) 4191 +5 4142 4194 4089 70+ 10 74
- v (2°D,) - 4158 4208 4100 92
- v (2°D;) - 4167 4217 4103 - 148
- 1. (2'D,) - 4158 4208 4099 - 111

Prog. Theor. Exp. Phys., 2020, 2020(8)
Phys. Rev. D, 2005, 72: 054026
Phys. Rev. D, 2009, 79: 094004



Exoctic charmonium

Prog. Theor. Exp. Phys., 2020, 2020(8)

State JEE Decay(s) State JHE Decay(s)
2.(3872) 1 D°D°z°, D*°D°, X(4630) ™ Jhyep
Jhyrr,Jlyew, Jhyp, v (4660) 1= wQ@S)zx,ATA;,
Jhyy, ., 7° DD, (2536)"
X(3915) (0,2)** Jhyw, vy 2.,(4685) 1+ Jhy
7.,(4140) 1+ Jhy Z.0(4700) O+ Jhyo
w(4230) == Zoo®, h 77, Z,(3900) 1*" Jhy ¢, DD*
3z, Jlyn, X (40200 7 h,z, D* D*
Jhyrre,y(2S)nx, X (4050 7™ X
¥ %, (3872), X(4055) 7" w(2S)x
DID,,(2536),11 X@100r " T
w(4260) = ete”, Jhynx, Z (42000 1t Jhyx, wS)xn
JhyKK R,,(4240)* 0 w(2S)x
2.(4274) 1t Jhy X(4250r 7 X
X (4350) e Jhy, vy Z,(4430) 1*  Jhym,ywS)n
v (4360) = ete”, Jlyrn,wSrr Z,.(3985)* 1F D*D;,D°D:~
w(4390) = hznm, Jlyn Z,(4000)* 1* Jhy K*
Z.0(4500) Ot Jhyo Z,(42200* 1T Jhy K*




LHCb experiment B* BO: BY: A

(ub) (db) (sb) (udb)
« LHC: beauty&charm factory 454 :1: 2
= pp collision @ /s = 13 TeV : ~20000 bb /s

= LHCb detector: Dedicated for the precision reconstruction of heavy hadrons

. €(K->K)~95% mis-IDe(mr »> K) ~5%
 Powerful particle-ID S0 =356 meen 10~ 5%

= Hi ; Ap/p = 0.4 ~ 0.6% (5 - 100 GeV/c)
High momentum and mass resolution P2 e 2 e " J/uX (constrainted m, )

= Precise vertex reconstruction op = 20um to select long-lived
beauty & charm candidates

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

VELO: ‘ RICH: Muon System | ® 2 < n < 5range: ~ 25% of bb
primary vertex | Bl Riimanl K eparation | | pairs inside LHCb acceptance
impact parameter |

displaced vertex I

Beam 1 IV::;‘L“ | Beam 2
é R " h
Interaction,

LHCb MC

region ’ ...... ‘: , ; | SARERE /s = 14 TV
Sm |
ool ol
/ ” o Calorimeters:
Tracking Station: p for Tracking Stations: | PID: h,e,y, °
lower energy tracksand long || p of charged particles ‘
lived Ve reconstruction | that traverse the magnet |

‘ [Int. J. Mod. Phys. A 30 (2015) 1530022]



B° > D-D*K*n~ analysis
(Backup)




B’ - D*DK*n~ background

= Physical background are negligible with 5280 + 100 MeV
= Mis-ID bkg: Cabibbo suppressed: f;/f; suppressed
= Partially reconstructed bkg: D** — D*

= D*" - D*t": excluded out of the mass window 5280 + 100 MeV
= D" 5> D*y: B(D** - D*y) = (1.6 £ 0.4)% is very small

~

.....................

> :_ D'&D" mass window - 9 T T D 8:D'|'r|alwI d'wr b
g 600F V,(D)-V,(B)>0 mm — DD masssideband ] & 500 V.(D)-V,(B)>0.5mm  — pD’ mass sideband ]
E r —— D'&D mass sideband 7 E F —— D'&D mass sideband ]
:", 500 ——— D" mass sideband S, E ——— D" mass sideband 2]
E E D’ mass sideband ] E 400 - D’ mass sideband =

§ 400 E - §

- - B 300f =

= Non-double-charm :

o
iR AT

200 ;.%Jrg:H,‘ﬁ‘rHﬁtp, T ﬂ’—,‘;—i B s fpu
ackgroun :

k.
E . N Hy ++r:+++$,1+,.&ﬁk;,r
b + - E Ftg

100 _ﬁ,;.++++++++++++++ T e

.BO_) 0: """""""""" .

N 0 C . v ) 7]
5200 5250 5300 5350 5200 5250

+ f
+t+ + it H
Frby b ++++++++ T e e e 4

5300 5350

[ K -+ +] D — K + - m(B®) without D mass constraint [MeV] m(B®) without D mass constraint [MeV]
T m, e
O % B v (D) v (B) 10 D'&D" mass window -
[ V,(D)- >1.0 mm — DI’ ideband
B — E 400 “ I D’&Dmr::ss:l deeb: d ]
B —— D* ideband —
[K ntnt]|[K ntnt|Ktn~ z P
§ 300 —:
mf 1
200 -
100 Pttt Frrgpt [Ty PP L bt
f-m+++++++++ wht et ++H+“H\-O++Q+*+H++_;_ +;*+ ++

5200 5250 5300 5350
m(BO) without D mass constraint [MeV]
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Amplitude construction

= Using Helicity formalism
» Decay chain: B® » D™D}, D3, = DYK*°, K*0— K+~

= Intermediate resonances:
= Kt~ : S-wave because m(K*n~) < 0.75 GeV
« Modeled by J¥ = 0" K*(700)°
« D*K*nr=: 0 +0Y - 0-,1%,27,--
» Anon-resonant (NR) term with j¥ =0~
- /P =1* D, (2536)*
= Anew Dy state

. = Op,: angle between D
= Matrix element and D~ momenta in the

o . . DS, rest frame
Helicity Wigner = Momentum barrier factors

coupling d-matrix for B and D, decays

J
M = ZHDSk do,l(;Sk (9DS )pLBO FLB() (pd)qLDsk FLDSk (qd)
k

= p,q: center-of-mass
momentum of D™D},
and DK *°

= d =3 GeV 1~(0.6 fm):
effective radius of the

BW(mg+,-)BWp (mpig+,-),  Mass lineshapes ~ particle



Mass lineshapes

= Relativistic Breit-Wigner function
1

mg — m? — imyI'(m)

BW(m | my, Fo) =

= my: BW mass
= [, = I'(my): BW width
= ['(m): mass-dependent width (total width)

T(m)= ) T(m)= ) gipi(m)  pl(m) / dof, |M°|?

= Width formula: .
. K5(700)0: FK*_’K”(mKﬂ) — FK*—)Kzrq_ mO

= D.,(2536)7: set to constant because it is very narrow (0.9MeV)

= New D7;: .
S] FDSJ (mD+K+7L'_) — FDsJ_’D K(mD+K+7L-—) + IiDSJ_)DK”(mD+K+n-—)‘

Inferred Ds; — D*K decay width Dg; » DKm decay width



D; decay width

*
[ Dss (Mps+ g+ ,-) = [ Dss—D K(mD+K+ﬂ_) + FDSJ_)DK”(mD"‘K*‘n‘)'

« [Ps12DK ()2 two-body decay width

sy 2LP7 K41 o D*K
Dgj—D*K Dgj—»D*K Mpkn q” " FLD*K (q d)
[™s] (Mpkr) =T, - -
0 \Yp 10k \do

« [Psj2PET (o) three-body decay width

[Ps12PRT (mp e )| d® pgr | MPsI7PET ()|

= Dg; decay amplitude depends on the K™m~ mass lineshape

= No prior knowledge about the K*m~ mass lineshape

(K*(700)° BW may not be suitable because here mpy, could be very large, and more
possible channels could open)

= Four choices of I'P’si”PK7T(m . )are tested in the amplitude fit
~a. Constant
b. 3-body width with K*m~ LASS model Nucl. Phys., 1988, B296
c. 3-body width with unity K*n~ amplitude
_d. 3-body width with K*(700)° BW amplitude @

Four D;}
width -
models




MC integration

I(®)
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IBW(m)/BW(2.591)I

Mass&width

BW parameters vary a lot with the change of r

E 2625 E E 140 =
2620 = E
—o2615E ] = BOF E
2610 - . ;
2605 F- = 10 \\ E
2600 E- 3 100 - ~~ 3
2595 F- E 90F 3
2590 E 80 3
2585 = i ;

E 1 . ] . . . . 3 T0E, . ] . 1

0 05 1 0 05 1

r

= But similar mass lineshapes and pole mass&width

- 7 g WO
. /\ =0 ] < 2605p 3
08 — / \ — 1=0.5 ] ;m 2600 3
st/ \ e 3 e DL
04 \ ] 5585 _ I I ‘ l I I I I I ‘ l _
02 \"\,n~ 3 2580 - 3
- T~ ] 2575F 3
26 28 3 32 34 L IS——

m(D'K*) [GeV]

T, [MeV]

20—
10

NN

o[ TTTTTTT

0F
60

50: .........

= BW parameters generally do not have strict physical meaning

= Pole mass and width are physical quantities

Peak position and
FWHM



More mass projections in fit

BY > D DtYK*tm~

Candidates / (25 MeV)

P L e I SR ] /‘\:‘ 7N EIE N BT T LN AL LEE I
WELHCL (@ T D e = 60F LHCb (c) ]
35F — Fit 1 = = ; -

+ ] S L Ue) L
30 | W} D(25%0)" 1 & 20 QU

S N 1) [ D,2536)" 1 T L ~ 40F
o] S 11 T I S = 40

F 2 15F % -

o ,'§ - S 0
13p g 100 2 20f
10f o 55 ©

5t : 10f
0B ot ot

4 42 44 46 48
My, [GeV]




Significance

e Using an empirical formula

p = TMath::Prob(—2A1n £, v - Andof)
o = v/2 - TMath::Erfclnverse(p)

o Null hypothesis - J¥ = 0~ hypothesis
e v = 2 is an empirical value



B° -» DIXD; K™ analysis
(Backup)




Dalitz plots

(\',_‘ L I | | I !
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Events / (2.8 MeV)

B* - DYD™K* data sample

= Reconstruction: BT - D*D"K*, Dt - K ntr*

> 300F E
p ]
N, = 3215+ 65 < 2s0f E
i ' szlg e _ % - / 1/1(3770) E
500 - f Data E’ 1505‘ ; +/')(c(o 2)(393’0)
- — Total 3 1002— ‘ + 4 E
400 - ~--Signal 3 sof et mﬁ R mw N ++* ;
- ----:Comb - Eoe '..
- ] 0F e
300 - - T s
- . m(D*D") [GeV]
200 |- - S0 T 7 T T E N T E
- ] E ?ggzx(()l) (2960) : E 100 JH ]
1OO:_ \ E % iig: \+ : % 80 + m W * ]
o e — : iégf : +++ +++++ Ht E : 60;_ f #ﬁ#ﬂm +++ #ﬁ +H f Wﬂ + _
o B ”,1{”11“*114 h*u b iy Hh”H} h };Q}: 282: ; ++++++ +++++ ¢ 3 405—+ } | ++++ } + ;
st 5250 5300 5350 20 ¥t A * “F f
m D+D—K+) [MCV] 0" 2!5 é 3_.5 0 2{5 é 3.5

m(D"K*) [GeV] m(D*K*) [GeV]

These structures have already been
analyzed by

Phys.Rev.D102(2020) 112003

Phys. Rev. Lett. 125 (2020) 242001 @




B* — DI D; K™ physical background

= Partially reconstructed background

« B* > DID; K**, K™t - K*7": Ouside the mass window(5280 +
80 MeV)

*)+ oy (*)— *+ +
« BT > D() D() K*,D;* - D y: Ouside the mass window(5280 +
80 MeV) o . S
E 140 E— B-D, z signficance>0 - gisSBR:g SSBR E E E B-D, z signficance>1 - g;ssBR:Dq;SSBR E
S 10F — DiSB&D;SR] S 80F ~ D!SB&D;SR -
% oof DisR&D,sB | 3 | D! SR&D.SB ]
s F 3 5 eof -
@ 80F 18 f ;
60 - +H?H;+ _; 40 :_ E
- - “OF T *i A n _; 20k - _'
= Non-double-charm s T s
baCkgrou nd R R om0 s00 530
Bp_MM [MeV] Bp_MM [MeV]
+ -+t - 7+
BT > |K"K™m Ds K BoepT T T DISR&D,SR 3 = asf . . D’ SR & D; SR
S o ] > A45E s E
%’ E  B-D z signficance>2 — DISB&D; SB ] S 0 3 B-D; z signficance>3 - DESB &D.SB 3
- B* > s o ChmiEl DY CnminE
- - - = 3 1 & 30F =
[K"K*n"|[K*K n~]K*™ § .t 125
b ] 20F =
20F = 15E 3
ok " ] 10F .
Mﬂiﬁﬁﬂfﬂ*ﬁﬁﬁ ﬁ&*#g&jg* bt ottt Shol Lt
5500 5250 5300 5350 $h00 5250 5300 5350
Bp_MM [MeV] Bp_MM [MeV]
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B* - DD, K™ NDC fraction

e
°

Region a: only one D sideband (Blue&Green)
Region b: two D sideband (Pink)
Signal region: two D mass window (Red)

1‘-?1‘1’47”‘1‘1:".
° °

'.'-x-'-' :
&

B* signals estimated using a simple fit

+ Signal shape: Gaussian with mean set to PDG mass and
width to 13 MeV (Typical resolution in MC)

» Background shape: exponential

.
o3
o o]
N
o

-
o ]
o2 d
* o
o
0.5..
o

o)
o Y
con ]

N AR IR & Tk T i P R A 5 S . . 9.
1900 1950 2000 2050 nNDC = Ny - o + NS - = — ;‘gk B
DSp MM [MCV] Sgreen Sblue S pink
s na_ . Ssig - nb ) Ssig
Case i TV "8 8.2 B8 S

Region a  57.0£17.7 618.0+29.4
Region b 36.9+14.5 395.1 £23.7

Signal 300l £ 22.7 2{6.2=L20.9 (The residual NDC fraction will be subtracted in
NNDC 19.3 1+ 9.5 branching fraction calculation)

faoe (%) 5.4+2.7




B* - D™D~ K" physical background

» Peaking background

« Such background is thoroughly surveyed in the previous analysis (LHCb-PAPER-
2020-024, LHCb-PAPER-2020-025)

« Can be excluded if choosing B* mass > 5220 MeV

 NDC background

jj > 2 to suppress the background

* Similar method to estimate NDC fraction

Case Miig Misieg
Region a  204.2+36.4 2601.8 £61.0
Region b 14.2 +£22.2 1159.0 £+ 39.9
Signal 3084.7 £63.7 1399.6 £+ 48.8
nNDC 98.6 & 19.0
faoe (%) 0200

(The residual NDC fraction will be subtracted In
branching fraction calculation)

©



Branching fraction

a(NZ™) = _ Wsigi |
N = 950406.31 & 56534.18 (stat), JZ <esig,,,;<m2<DtD.:>,wﬂ(D;Kﬂ))

sig

NI = 5329569.64 + 103700.12 (stat). \IZ (
€con,i(M?(

con
0(Neon ) =

chon, 7

D+D),m2(DK+)))

- Multiplying (1 — £328.) /(1 — £:$82)for NDC background subtraction
NDC
OpN .
“sig (bias of N
Nsig

* Multiplying 1 — pull) for bias correction

sig

B(B* DI D; K*)
B(B* >D*D-K™)

R = = (0.525 £ 0.033 (stat) £ 0.027 (syst) £ 0.034 (ext)



Systematic uncertainties

Systematic source

Relative uncertainty (%)

LO trigger correction 2.3
Signal model variation 0.3
Background model variation 0.1
BT mass fit bias 0.1
Limited size of MC samples 0.5
KDE parameters 0.4
Charmless and single-charm background 2.9
PID resampling 2.8
BDT working point 1.6
Tracking efficiency 1.0
Multiple candidate removal 0.7
MC truth match efficiency 0.6
Total syst. (stat.) 5.1 (6.3)




Systematic uncertainties in amplitude analysis

Source LO MC PID Comp. BI-W My&l'y Model Tot.
My (MeV) | 0 2 0 2 0 1 11 11

X(3960) | T'o (MeV) | 0 1 0 3 1 2 9 10
FF (%) 0.6 0.7 0.5 7.1 0.0 2.8 1.0 7.8

My (MeV) | 0 1 0 10 1 4 1 11

X0(4140) | Ty (MeV) | 0 1 2 5 1 4 1 7

FF (%) |01 05 00 69 01 29 1.9 7.5
$(4260) | FF (%) |00 00 00 30 00 0.1 0.1 3.0
(4660) | FF (%) (00 00 00 04 00 0.1 02 04
NR FF (%) |07 17 07 98 01 37 32 107




