New exotics from B-decay
On behalf of LHCb Collaboration

Salil Joshi
National Centre for Nuclear Research (NCBJ), Warsaw(PL)

16TH INTERNATIONAL WORKSHOP ON HEAVY
QUARKONIUM (QWG 2024)

27 February 2024

Bl ones  (iEY

Salil Joshi (NCBJ, Wrasaw) New exotics from B-decay Feburary, 2024 1/21



Hadrons

© Conventional States : states well understood phenomenologically in the Quark Model i.e.
qq and qqq.
@ Exotics : qqgq, qqqqq, unconventional JPC, glue balls...

‘

(a)y meson

(b) baryon () hybrid state

Compact Multiquark : Tightly bound directly by
strong interactions

(g) weakly-bound hadronic molecules

Hadronic Molecular : Weakly bound by residual

strong interaction
[Rep. Prog. Phys. 86 026201(2023)]
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Hadron Spectroscopy at LHCb
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Exotics at LHCb
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Improved Naming Convention

[arXiv:2205.15233]

2024 Name

minimal quark I(G)(,T‘D(C))

2022 Name

content
o T for tetra-quark : Mesons T}(2870)° esid 7(07) Xo(2900)
o P for penta-quark : Baryons 1721 (2900)" ‘*‘”"7"’: 717 X1(2900)
@ Superscript: isospin, parity and 50(2900)T “gvﬁ 1(01)
G-parity T..(3875)* {:{:11.{1: 77
@ Subscript : Heavy quark content Tez1 (3900) ctud It Ze(3000)"
e b, ¢, s: open flavours Toa(4020)* CE"“{ 1+(??7) X (4020)"
o cZ, bb : hidden beauty, charm T,z(4050) " ccud 1-(7%)  X(4050)F
strange T=(4055) ceud 17(?77) X (4055)*
@ No change in name if not T.+(4100)* ceud 1=(27%)  X(4100)F
unambiguously declared exotic. Ty (4200)F coud 1H1t7)  Z.(4200)F
T,e0(4240)F ceud 17(077)  Rep(4240)F
T.2(4250)* céud 17(77F) X (4250)F
ot 8. 0.5 I states P states
PG T-0 I=1 = nm;-zern neIt S.LC. IB -
Coowo E_; PR . I=0 I=1 1-1 I=-13
oo ) /8 . A N X A
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LHCb Spectrometer

o The first hadron-collider experiment that is dedicated to heavy
flavour physics

o CP violation, rare decays of beauty and charm meson, exotics....

@ Single arm forward spectrometer :
2<n<5b
@ Impact parameter resolution:
op ~20um
@ Momentum resolution:
° % 0.5 —1% :
o Efficient hadronic identification. JEpE r . \(”
@ PID separation K , p from 7: HK ]
e ¢(K — K) ~ 95% and

e(m — K) ~ 5% T
e e(p — p) ~ 95% and
(

e(mr — p) =~ 5%

Run | Years | Lum. | /s | 0w | 0Oce

[fb~"] | [TeV] | [ub] | [ub]
1 2011-12 3.0 78 70 | 1400
2 2015-17 3.8 13 150 | 2400
2 2018 2.2 13

[JINST 3 (2008) S08005];
[IJMPA 30 (2015) 1530022]
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Tetra-Quarks

Open charm Hidden charm
@ Either only c or only €, non zero net @ cC pairs, zero net charm
charm

@ Fully charm T, (6900)* : ccce

DO : X - Not confirmed
© DO : X(5568) - Not confirme © Pl (4450)°, T?_ (4000)* ...

Q T.,(2870)°, T, (2900)°
Q@ T(3875) : ccud [Phys. Rev. D 95, 012002 (2017)]

(a) (b) b - c b - c

c c K
D} D} W ©
W 5 F w* 5000 @ .< ®
b c b ¢ d
d d d

Dy2460) B ¢ D460
a P u

c d [
© w* 5 D @ w* 5 by N _ R
b .Hjj L b .ﬂ;‘j o, w c B
—" " St
‘ P ; . DR :
a q q q
—0
B - D Dfrn~ BT — D~ Dfn"
: : Bt = J/poKT

[Phys. Rev. D 108, 012017]
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BO EOD;_T(— and Bt — D_D:_W+ [Phys. Rev. Lett. 131, 041902]

0 +
o B° D Djr
@ 2 decays related by isospin symmetry. - . . . — = . . . .
@ Reconstruction : 2w ﬁ‘ I e I Poubir ot
D° +o— Kto—oto— ) / —+ Dan Run2 ] 2 g - Dan Run2
o D - K'n ,K'n wn'm 3 o Total PDF S Total PDF
o DT - Kfn~m™ 3 H Sigaal PDF % 10 { Signal PDI
° D; L KYK—wt 2 J | B signal E t k — - B signal
S ‘y —— Background S s —— Background
e Veto : D*(2010)~ from B® — D*~ D7 e
o 5300 5400 iﬁm 5600 5300 5400 5500 5600
o Mis-ID : BY — D°Df K—, Ay — DD p HE P 01 PP (0
N s S ’ s
. _ =0 _
@ Mis-ID: et —xT, D*~ - D'n _ .
& >
> 2
@ Non - double charm backgrounds 3 ©
e . = s
@ BDT classifier implemented. S P
o
% T T T T gt m‘%
2l I omeome 0108 E ; S
3 | S E L ‘ ‘ ,
g I —+ paa Run2 :ﬁ 3 4 6 8 o 10
8 wf | —— Towa PDF gy ©3 M’(D ) (GeV?)
% Signal PDF = ki
S 2001 —— Bac 6 LJ . .
5] Background LHCb .
L wo i, e Signal Yields :
5300 5400 5500 5600 i B élG_‘ 0 A o BY — EODz’T(i : 4000 with 90% purity.
M(D D;m*) (MeV) M*(D 7*) (GeV?)

o BT — D™Dzt : 3750 with 95% purity.

- - D+t .
BT —= D" Din
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B - D°Dfn and BY — D Dir*

Amplitude Analysis

[Phys. Rev. D 108, 012017]

@ Isobar Formalism : Coherent sum of quasi 2-body amplitude either resonant or non-resonant

o RBW : default resonance line shape; Expo :

NR contribution Rosonance  J7 Mass (GoV) Width (GoV) Commonts
. i . Dr(2007)° 1 2.00685+0.00005  <21x10 9  Width set to be 0.1 MeV
o All D** with natural spin parity. D*(2010)7 1- 201026 0.00005 (8.34+0.18) x 10~
D;j(2300)  0F  2343+0.010 0.229 4 0.016 #
° qMI description for D7 S-wave D5(2460) 27 2.4611+0.0007 0.0473 + 0.0008 #
. Dj(2600)° 1= 26270010 0.141 4 0.023 #
o D;(3000) : different JP tested Dj(2750) 37 27631400032 0.066 + 0.005 #
Di(2760)° 1- 278140022 0177+ 0.040 #
D5(3000)° 7 3.21440.060 0.186 + 0.080 # JP = 4% is assumed
S0 s . =
8 R &250f LHCh o 3
= ESELS Dot o 3 o
= Sanof ooen: 1 2
s < (a) msoeny | S
i Gl o 13
2 El pawen: | S
S 2 SRSE Y F
§ 8 §
5 o »
R T TN R T

MDx") (GeV)

B® - D°Di
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and Bt - DD n™

B® - D°Din

[Phys. Rev. D 108, 012017]
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B - D°Dfn and BY — D Dir*

First Observation of doubly charged tetraquark and its

neutral partner!

e Exotic D 7 states observed near 2.9 GeV :
o T2,(2900)°
o T2,(2900)**
o Tested against spin 0 and 1 : 0T is
favoured.

o Significance of T2,(2900) : 90

S|
e JP =1~ leads to 6.30; Simultaneous =
1.30
@ Spin parity tested upto 4t : 07 > 50
@ Argand plot : spline and BW models go

anticlockwise - support the resonant
structure of T2,(2900).

Isospin triplet of exotic mesons with four
different quark flavors : T2,,(2900) [c5ud)]

T2,(2900)° [c35ud]

cs0

o

<

2 i «  Breit-Wigner of T2,(2900)

= 04 LHCb J  Start point (m=2.783<3cV> -

E‘ L 9fb! 4 Spline lineshape

= L

° b

3 . u

(=% - .

g 25,

8 [ .

g oL :

£ 0. :

= § K
-02 u

| - PR il I B
-0.2 0.0 0.2 0.4

Real part of amplitude

BY D’ Dirn

[Phys. Rev. D 108, 012017]

T2,(2900)" : M = 2.892 + 0.014 £ 0.015 GeV,
T = 0.119 4 0.026 + 0.013 GeV,

T%(2900) T : M = 2.921 £ 0.017 £ 0.020 GeV,
T = 0.137 £ 0.032 + 0.017 GeV,
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B® — J/¢¢K2

[Phys. Rev. Lett. 131, 131901]

o TP, (4000)" [cTus] in m(J/¥K") in BY — J/$pK*+ (PRL127, 082001 (2021))

(0]

o Prediction :

neutral partner based on isospin symmetry of the strong interaction

o Candidate : B® — J/4 ¢ K2 for T,
@ Reconstruction :
o J/Y— W~ T’t,€*51(4000)4r
o p— KTK™
° Kg B
o BY : 1866 + 47 with 94% purity. RUN T Model
BY — J/1¢K?2 o
S50 : ; "E = : ; ; 5 Bt — J/%M)K+
@) F LHCh 1 pawa a) 3 Z 18F LHCb 20
32()0 2 9 ! — Total fit B %: 17E t- J 91!
% 150 i_ ----- Background _: N,§ 16E -l 15
% 100 F 3 15 10
5 r - -
so b E 4 !E- 5
b S R 13F , . -. o
5250 5300 18 2
M,y o0 [MeV] o 1GeV?]
RUN land Il
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B — J/@DQﬁKSO [Phys. Rev. Lett. 131, 131901]

o Small Sample size : simultaneous fit is performed to B® — J/9¢K2 and BT — J/ppK*

o The default model same as Bt — J/¢ypKT
o Decay sequences :
B® — J/yp(K* — ¢KP): 9 K*
o BY = (X = J/Ud)K : 7 X's (4150, 4630, 4500....| M(T],;(4000)°) = 3991113 %, 2 MeV,
2 T nonsesonant g - 4000 220 DTS, (4000)") = 1052 S Me,
Line shapes : RBW
Significance: 4 o (5.4 o when iso-spin symmetry is assumed)

_ _ 1o+11+6
° AM = MT351(4000)0 - MT351(4000)+ =1277,7; MeV

Quark Content : [cCds]

=+ Daun LHCb 3
— — Total fit =

= -+ Background
== ALK and X
= T,,,(4220)
WT7,,4000)

(4000)+

4.6

2 : y 43 3. 42
myy [GeV] 5, [GeV] M, 1GeV]
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Theoretical Models

Z$t and Z) : Diquark-anitdiquark model [Phys. Lett.B 820 (2021)]
Prediction : B* — D~ D nt for quark content [cu][5d]

Observation : T2,(2900)° and T2,
Hadronic molecule : DXt pT™ and D*TK** [J.Phys.G: Nucl.Part.Phys.50 055002]

Mass close to D* K* threshold — isovector molecular state in One-Boson exchange
model.[arXiv:2208.10196]

o Threshold effects : Triangular singularity(TS) peak around D*K* threshold in decay via
Xc1K*D* explains T5(2900) in D;'w. [Eur. Phys. J. C 82, 955 (2022)]

o Interesting implication : nn equivalence to 71 in color space suggests csnnn in Bt and /\2
decays. [Phys. Rev. D 106, L111501]

(2900)T* in disagreement with predicted parameters

No definite conclusions on Model

@ For Isospin partners of Tzsl(4000)0 [ceds] -

o HadronicMolecules : [Phys.Rev.D102(2020)111502]
o Compact — tetraquarks : [Science Bulletin 66(2021)1616]
o Thresholdeffects : [Phys.Rev.D105 (2022)014012]

3 Meson weak B-decays : good source of rare fully open tetraquark states!
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Summary and Outlook

o LHCb year 2023 :
o First Observation of a doubly charged tetraquark and its neutral
partner i.e. T2.,(2900)" " and T2,(2900)° : (PRL131, 041902)
« Evidence of a J/¢K2 structure i.e. in B — J/1gK2
(PRL131, 131901)

o New exotic hadrons and decay channels of B mesons being discovered,
open new possibilities in hidden as well as open sector.

o Significantly larger data samples will be collected by the upgraded LHCb
detector in the coming years, enabling further deeper explorations.
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Hadrons at LHC
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Model-dependent results : D 7

[Phys. Rev. D 108, 012017]

Model

ALL  Mass (GeV) Width (GeV)

Fraction (%)

T, (2900)°
T,(2000)

33.2

2.87140.012  0.13540.025
2.92240.014  0.161 4 0.033

3.0£05
20405

@ D§(2300) : 07 gMI model replaced by

RBW ;
Q 0% non resonant component. gm
@ Consistent with gMI model é”"
© Validates the default fit. g

Data
Backeround
Total fit

Candidates / (0014 GeV)

Argand plot : qMI_and MD D1r in agreement
after 2.2 GeV

300 a2 a4
MDDz~ (GeV)

B - D Dir-

30 32 = 34
M(D¢ ) (GeV)

s - s - - -
i ! T T 2501 LHCh & | LHCb
4 Modekindependentspline s s g - )
© MD: D; (2300) and exponentiil NR(DT) S-wave. ] NR(D) S-wave: = 9 fby = 9 fb
% Surtpoins (m-20GeV) S0 g
g N (a) Sof (b))
(@) - s K
g EMEn
r ] <] Ew i
LHCH LHCb 9] — 0NR(Dm) D < 2 | { |
9fb-! 9 fb-! 0 - .
Y . \ Y A R . I I S eoeeicl I It
- -2 =1 0 1 - -2 =1
Real part of amplitude

0 I
Real part of amplitude

B+ D'Dfr~ B+ D-Dixt
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Simultaneous fit model : D 7

[Phys. Rev. D 108, 012017]

]

o
)
+

5 T

S0 S e
&,,,| LHCD B1%F LHCh { 1
. . . ER S EaL ]

© Improve precision and stability of fit Smp (a) 1¢ (b) |
results. Lot R | i
@ All complex parameters of D** state are &"[ J‘M s ;uyu i

=
shared except D" (2700)° and /

D*(2010)~

© Small isospin symmetry breaking effects
near D mass threshold.

© Consistent with separate fit and leads to

higher significance.
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Additional investigations : D7 [Phys. Rev. D 108, 012017] o

o Exotic D} tested with other spin-parity : 0" favoured but spin-1 reasonably good.

Tested extra Dm,D}m and DDJ with natural spin-parity upto 3~ with varying mass and
widths when including 07 T2,(2900)** and T2,

(2900)°.

cs0

Changes in NLL are insignificant (stat. sig. < 20)

No extra D7 state expected to be observed.
Excited D states :

D} (2460)™ : mo = (2465.2 & 1.0) MeV, o = (38.7 & 2.5) MeV.

D} (2460)° : mo = (2464.4 % 1.2) MeV, T = (44.6 + 2.8) MeV.

Charged isospin partners of D;(2600)° and D (3000)° significance in B® — DoDJ 7~ with known
masses and widths is estimated as 4.80 and 2.20 respectively.

D} (2317) and D (2317)"™ : free variation of mass and width under different spin-parity :
insignificant.

Upper limits on the fit fractions of neutral and doubly charged D}(2317) under 3 different
hypothesis at 90% C.L. are less and 1%
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B® — J/¢¢K2

[Phys. Rev. D 95, 012002 (2017)]

TABLEI Fit results from the default amplitude model. The significances are evaluated accounting for total (statistical) uncertainties.
The listed masses and widths without uncertainties are taken from PDG [14] and are fixed in the fit. The listed world averages of the two
K, and K*(1680) resonances do not contain the contributions from the previous LHCb run 1 results.

Jr Contribution Significance () M, (MeV) Iy (MeV) FF (%)
1" 2'p, K(1%) 4.5 (4.5) 1861 + 10748 149 + 41773
2P, K'(17) 4.5 (4.5) 1911 £ 375 276 £ 505
I'P, K,(1400) 92 (11 1403 174 15 + 35,
2- 1'D, K(1770) 7.9 (8.0) 1773 186
1'D, K,(1820) 5.8 (58) 1816 276
- 1I°'D, K*(1680) 47 (13) 1717 322 14 £213
2%, K'(1410) 7.7 (15) 1414 232 3851
2- 2°p, K3(1980) 1.6 (74) 1988 + 2277 318 £ 82701 234£05+07
0" 2's, K(1460) 12 (13) 1483 336 102+ 1250
2= X (4150) 4.8 (8.7) 4146 + 18 + 33 135 + 2875 2.0+ 058
1- X (4630) 5.5(5.7) 4626 + 1671}, 174 £ 27703 2.6+ 0572
0 X (4500) 20 (20) 4474 +3+3 EIw 5.6+0.773¢
X (4700) 17 (18) 4694 +471° 87 £ 8710 8.9+ 1.2}
NR /4 4.8 (57) 28 £ 8117
1 X (4140) 13 (16) 4118 £ 117% 162+ 2173 17£352
X(4274) 18 (18) 4294 £ 473 53+5+5 2.8+ 0508
X(4685) 15 (15) 4684 £ 712 126 + 15557 7.2+ 1053
I Z,.,(4000) 15 (16) 4003 £ 6, 131+ 15 +26 9.4+2.1+34
Z,.,(4220) 5.9 (84) 4216 + 2475 233 £ 5217 10450
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