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Charmonium(-like) spectroscopy

Conventional cc states

» Predominantly decay into
D®D®™ if mass above
threshold

Exotic candidates

= May have large fraction for
cCc + h/y decay process
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Prog. Theor. Exp. Phys. 2020 (2020) 083C01 Phys. Rev. D, 2005, 72: 054026

= Puzzles to resolve by theorists and experimentists
= |dentification of conventional/exotic nature of some states

= Inner structure of exotic candidates

= More new particles may rise in experiment
= Open charm: D®D®), DS(*)ES(*),

= Hidden charm: cc+ h/y



Topics in this talk

Charmonium(-like) states in B decays

A near-threshold D D; structure in B* - D} DK™

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019
In preparation

Study of J/yn resonances in Bt - J/YynK*
J. High Energ. Phys. 2022, 46 (2022)



https://link.springer.com/article/10.1007/JHEP04(2022)046

2 JINST 3 (2008) S08005, Int.J.Mod.Phys. A30 (2015) 1530022
LHCb experiment ML P A0 (2015

= Dedicated for precise and efficient heavy-hadron reconstruction

= Single-arm and forward design 2 <1 < 5 range:

~25% bb pairs in LHCb

= Powerful particle identification acceptance

= ¢(K - K) ~95% with e(m - K) ~ 5% -

= e(u— ) ~97% withe(mr -» u) ~ 1 — 3% fs=1aTeV
= High momentum resolution

= Ap/p =04 ~ 0.6% (5 —100GeV/c) b, Irac] %

/2

= omz~10MeV for B - DDK (mp constrained) 6, Irad]
= High spatial resolution el HAL
= oip~20um; opy x/y~10um; gpy ,~60um , RICHL 3

Ideal platform for studies of B
decays presented in this talk
v High efficiency

v High resolution

v" Low background



https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

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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A near-threshold D D; structure
in Bt > DID;K*

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019
In preparation e \




What motivates this study?

Candidates / (17.3 MeV/c?)

Phys.Rev.D102(2020) 112003, Phys. Rev. Lett. 125 (2020) 242001
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¥c0(3930) > D*D:
It is suggested to be the same particle as y.(3915) — J/Yw PDG 2020
Exotic nature?

Some theories suggest y.0(3930)/x.0(3915) to be a ccss tetraquark

candidate
JHEP 06 (2021) 035

Sci. Bull., 2021, 66: 1413

(7


https://link.springer.com/content/pdf/10.1007/JHEP06(2021)035.pdf
https://www.sciencedirect.com/science/article/abs/pii/S2095927321002358?via%3Dihub
https://pdg.lbl.gov/rpp-archive/index-2022.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001

n 4 e gt | LHCb-PAPER-2022-018
B - D;D. K dataset LHCb-PAPER-2022-019

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

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

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019
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Candidates / (20 MeV)

— LHCb-PAPER-2022-018

Observation of X(3960) in DD (icomer2022-09

o Amplitude analysis

o Default model
- 0**: X(3960), X,(4140), non-resonant (NR)

- 1771 YP(4260), P (4660) ¥(4260) is (4230) in PDG2022
IS0 L B B A I s TGN L L B B B B B B
i e 4 Daw preliminary 3 2305 L ]
40F 9 fb-! Total fit ] p= L 9! ]
g — §(()?31628) ] & [ preliminary ’ ]
30F ——  (4260) . 520_ ]
oF Nonmosonam 0;0; | 5 | 1 ¥ X(3960) describes the
5 | g near-threshold peak
101 ] -
O 42 a4 4s  4s Yy Y A CREY v X,(4140) accounts for the
MO B b dip at ~4.14 GeV via
2O ey ] interference
& [ preliminary
<20} ]
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LHCb-PAPER-2022-018

Amplitude fit result LHCb-PAPER-2022-019

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

X(3960) 0Tt 3956 +£5+10 43+13+8 254+7.7+£50 12.6 (14.6)
Xo(4140) 0T+ 4133+£6+6 67+17+7 167+4.7+3.9 3.8 (4.1)
1(4260) 1-= 4230 (fixed) 55 (fixed)  3.6+04+32 3.2 (3.6)
(4660) 1-= 4633 (fixed) 64 (fixed) 22402408 3.0 (3.2)
NR 0+ - - 46.1+13.24+11.3 3.1 (3.4)

First uncertainty statistical, and second systematic
Fixed parameters taken from PDG 2018/2020

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¢

©



Alternative K-matrix model

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019

o Dip around 4.14 GeV near the J /Y ¢ threshold
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— X(3960)
X0(4140)
(4260)

W(4660)

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

Non-resonant D} Dy 1
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I wn
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preliminary
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Can also be described by
considering J/y¢ — DI D
rescattering in the K-matrix
formula

No definitive conclusion on existence of X,(4140)

()



LHCb-PAPER-2022-018

X (3960) and Xco (393 G) LHCb-PAPER-2022-019

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

I(X > D*D") BB >D*D K)FFy ;0
I'(X - D;Dy) BBt ->DID;KH)FFX . ..
= (.29 + 0.09 (stat) £ 0.10 (syst) + 0.08 (ext)

B(B* -» DI D;K™) also measured in this work

e '(X - D*D™) <TI'(X - D}D;) implies the exotic nature of the state
« Conventional charmonium predominantly decays into D®*D®)
- It is harder to excite an ss pair from vacuum compared with uii(dd)

()


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

LHCb-PAPER-2022-018

Summary on X(3960) » D! D} LHCb-PAPER-2022-019

e Observation of near-threshold structure X(3960) in B -
DIDIK*
My =3955+ 6+ 11MeV; I, =48+ 17 + 10 MeV; JF¢ =0t

e Assuming X(3960) and y.,(3930) to be the same particle
[(X > D*D)

X - D;DS_)

Indicating the exotic nature

Then it should be called T1/f¢0(39xx) following the new exotic haming scheme
arXiv:2206.15233 & Tim’s talk

= 0.29 +£ 0.09 £ 0.10 +£ 0.08

o Future studies
- Precision measurements of X(3960) and y.,(3930) properties

- X(3960)/x:0(3930)/x.0(3915) = J/Yw -> more input to help reveal
the nature of this state


https://arxiv.org/abs/2206.15233
https://indico.gsi.de/event/13128/contributions/65925/attachments/41129/56993/ExoticHadronNaming-QWG-29Sep2022.pdf



https://link.springer.com/article/10.1007/JHEP04(2022)046

What motivates this study?

Study charmonium(-like) states in J /Ymn
X . C-odd partner of y.,(3872)

Predicted by many theoretical works
[JPS Conf. Proc. 13 (2017) 020023, EPJ) Web Conf. 137 (2017) 06002, ...]

Searched for by Belle and BaBar

BaBar  B(B*— X K1) x B(Xy— JAm) < 7.7x107°
Belle:  B(BT— XLK") x BXz— JAn) < 3.8x107°

Other charmonium(-like) states
Y,(3823), ¥ (4040), etc

Phys. Rev. Lett. 93 (2004) 041801

PTEP 2014 (2014) 043C01



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.041801
https://academic.oup.com/ptep/article/2014/4/043C01/2949452
https://journals.jps.jp/doi/10.7566/JPSCP.13.020023
https://www.epj-conferences.org/articles/epjconf/abs/2017/06/epjconf_conf2017_06002/epjconf_conf2017_06002.html

Bt —‘]/lan-i_ dataset J. High Energ. Phys. 2022, 46 (2022)

Full Run1 + Run2 data, £L =9 b1
BT = J/YnK*,J/Y - utu=,n->vyy

Ng+:(5.39 + 0.16)x103

<~ 180f B
§2500: | ' ' ' T ] § 160:_ LHCb —:
= 2000~ A 9fh! - = b -
g 4o 12 +_ Data -
2 15001 4 [0 B> JAmK* — g 1005 O BY = ypes)Kt
= - + ——— Comb. bkg. . 9 80;— —— BT— (J/II)T])NR K+ —;
"C% 1000 Total ] P 60 Total -
S . 401 t =
500 ST e 205 44 \ud, t RN d
5 - AR
L - C o oo b e e e oy

0 — 3.65 3.7 3.75 3.8 3.85 39
5 54 56 : d
2
[GeV/c?] Mynm [GGV/ c”

Normalization for the fractions
of other J/yn states in the

next slide @


https://link.springer.com/article/10.1007/JHEP04(2022)046

Resonances in the J/yn system

J. High Energ. Phys. 2022, 46 (2022)

B(B+ — XK™) x
FX =

B(X— Jn)

B(B+— (25)K™)

X B((2S) — Jbn)

= Upper limit for other states

Evidence for y,(3823), ¥(4040) - J/yYn

Upper limit on 90% CL

Phys. Rev. Lett. 93 (2004) 041801
PTEP 2014 (2014) 043C01

. . 3.38 —2 Fx [1077] Bx [1077]

First evidence Fy,@s23) = (5.953338)x10 3.40 - .

P(3770) 2.2 46

Fiya040) = (40.6 = 11.2)x1072 4.70 $iﬁzg) Z.g g.i

Systematic uncertainty included P(4415) 46 9.6

. R(3760) 2.0 4.1

£ T PO T R(3790) 3.2 6.7
— - 200 — 0

= ig_ LHOD 1 3 el B+—>1b(4040)K+ LHC‘ID E i(fg??é’; f; ;‘g

= 1205_ 4 Data i E E 160~~~ T ol — (JAm)yr K* 9fb™" - b(4360) 6:0 12:4

e 3 [0 B+— p(3823)K+ T T 1408 o = 1(4390) 11.6 24.1

o | | o - -

E 80F — Bi:gﬁ?ﬁ;w E E 1(2’2* Hﬁ%ﬂ { + + Jﬁ E Z..(4430)° 6.1 12.7
601 Total — 801 J(H J( f # ﬁ J( J(JE XY, 1.9 3.9
40;— } jg_} ) ﬁi//// + + } /

201 1 b [

0f++* *#ﬂ H++++ + m+ ++++*++i= ZO?I £ =4 Upper limit is an order of

565 37 875 33 5@ 59 s {,4 magnitude smaller than the Belle
M3pm [GeV/c2: | and BaBar results

©


https://link.springer.com/article/10.1007/JHEP04(2022)046
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.041801
https://academic.oup.com/ptep/article/2014/4/043C01/2949452

Discussions on ¥,(3823) and y(4040)

J. High Energ. Phys. 2022, 46 (2022)

Y,(3823):
B(h5(3823) = JAM) a5
B(,(3823) = JApmtm—) 4477,%0.9
Inconsistent with the theoretical study Shve. Rev. D4 (2016) 034005
Y (4040):

B(B* — (4040)K™) = (1.64 £ 0.45 £ 0.23) x 107°

Inconsistent with the upper limit set using ¥(4040) - u*u~
Phys. Rev. Lett. 111 (2013) 112003

Y (4040) and ¥ (4160) production rates are different in several modes
(4040)~p(4160) in B* > D*D K* Phys. Rev. D102 (2020) 112003
¥ (4040) < P (4160) in B* - u*u K™ Phys. Rev. Lett. 111 (2013) 112003
Y (4040) > P(4160) in BT —» J/yYynK™* (this work)

Future studies to resolve these puzzles @


https://link.springer.com/article/10.1007/JHEP04(2022)046
https://doi.org/10.1103/PhysRevD.94.034005
https://doi.org/10.1103/PhysRevLett.111.112003
https://doi.org/10.1103/PhysRevLett.111.112003

Summary

Recent results on charmonium(-like) spectroscopy at LHCb
Observation of near-threshold structure X(3960) in Bt —
DIDIK*

An interesting exotic candidate
Same state as y.((3930)/x.0(3915)7?

Investigation of J /yYn system in BT — J/ynK™
Evidence for y,(3823), Y (4040) — J/yn

Upper limits on branching fractions of some other charmonium(-like)
states

e.g. C-odd partner of y.1(3872)



Prospects
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Precision measurements on X(3960)/x.0(3930) properties

More states in BT - J/ymK™* may rise

Opportunities to investigate more cc + h and open charm final states
e.g.J/Yw, AfAL

Thank you for your attention! @






Systematic uncertainties in B - DD K" AmAn

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019

X (3960) X(4140) ¥(4260) (4660) NR
Source My Tov F My, TI'y F F F F
Trigger 0 0 06 O 0 0.1 0.0 0.0 0.7
Simulation statistics 2 1 07 1 1 0.5 0.0 0.0 1.7
Particle identification 0 0 05 O 2 0.0 0.0 0.0 0.7
Additional components 1 3 34 3 5 2.5 3.2 0.7 10.1
Hadron size 0 1 00 1 1 0.1 0.0 0.0 0.1
Fixed parameters 1 2 28 4 4 29 0.1 0.1 3.7
X (3960) model 10 7 16 O 1 0.7 0.0 0.0 2.1
sF'it bias 19 15 15 26 11 04 0.3 0.3 2.1
Total 10 8 50 6 7 3.9 3.2 0.8 11.3

(=)



K-matrix model for X(3960)

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019

R_ R
(MD;"DS_%D;"D; MDJDJ—U/W) _ (’Cll ’Cm) Kar(m) = Y 7225 + fu
M ywosprpr  Mope—ae Ko Kao R RTM
ﬁRQb : _
Py(m) 2 T Mo =Y (I —ipK);' P,
R R b
Contribution JF¢ Mg (MeV) g (MeV) Ty (MeV) F (%)
| M, |? 0t 3957 + 14 1350 4 344 94.7 £ 0.4
¥ (4260) 1—- 4230 [59] 55[59]  3.2+05
¥ (4660) 1-- 4633 [31] 6431 21402
Br (1, 01) By (—1.2,2.5i) + (4.5,3.17) Large
Bs (—137.2, —1.5i) + (2.7,218.61) fu 0.84+1.2 e
f12 — f21 0.14+0.1 f22 80+5.1 Uncerta]ntles.
Larger data
sample is

needed @



K-matrix model for X(3960)

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019

R_ R
(MD;"DS_%D;"D; MDJDJ—U/W) _ (’Cll ’Cm) Kar(m) = Y 7225 + fu
M ywosprpr  Mope—ae Ko Kao R RTM
ﬁRQb : _
Py(m) 2 T Mo =Y (I —ipK);' P,
R R b
Contribution JF¢ Mg (MeV) g (MeV) Ty (MeV) F (%)
| M, |? 0t 3957 + 14 1350 4 344 94.7 £ 0.4
¥ (4260) 1—- 4230 [59] 55[59]  3.2+05
¥ (4660) 1-- 4633 [31] 6431 21402
Br (1, 01) By (—1.2,2.5i) + (4.5,3.17) Large
Bs (—137.2, —1.5i) + (2.7,218.61) fu 0.84+1.2 e
f12 — f21 0.14+0.1 f22 80+5.1 Uncerta]ntles.
Larger data
sample is

needed @



LHCb-PAPER-2022-018

B (B T —> D;_ D; K+) LHCb-PAPER-2022-019

Essential input to calculate the width fraction
I(X > D*D™) BB*->D*D K)FFy 0 o
I(X - D{D;) B(B* -D!D;K*)FFX

FF: Fit fraction

—D'D;K*

Relative measurement

B(B* -»D{D;K*) Ng;' [BMD* >K ztzh)]’
B(B* ->D*D"K*) N&T |B(DY K K*zt)

R

Know quantities from PDG
" Wsig, Weon: SWeights determined

from B* mass fits to extract the N3 Wsig, i
signal components Y S ey, (m* (DY D)), m*(D;KH))
" €519y €con- €fficiency obtained from  ycor _ ¥ Weon, i
. . con — —
MC simulation ™ €con, {(M* (DT D7), m*(D”K™))

Ge)



K*) [GeV?]

N

m2(D

K*) [GeV?]

N

m2(D

Efficiency

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019

- Denominator: Generator-level MC sample without any cut

= Numerator: Fully reconstructed MC sample after all the selection

B*—D?D;K* runl Total eff. (x10™)

b —
IIIIIIlllllllllllllllllllll
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—

B*—D*DK* runl Total eff. (x107)

oo O o —
LN BLLELELE B B

N ~
L L L

0.43

0.43 0.43

0.44 0.43

14 16 18 20 2
mX(D*D7) [GeV?]
B*—D*D K* run2 Total eff. (x107)

oo O o —
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AN ~
TTTTTTTT

0.66 0.67

0.67 0.68

14 16 18 20 22
mX(D*D7) [GeV?]

Kernel density
estimation is
employed to obtain
the smooth
efficiency functions



o . LHCb-PAPER-2022-018
Branchlng fraCtl()n I’eSUIt LHCbh-PAPER-2022-019
= = 0.525 +0.033 + 0.027 + 0.034 2. Syst.
B(Bt* -D*D™KY) 3. External

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)




Full ]/IIH] mass rdange J. High Energ. Phys. 2022, 46 (2022)
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