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LHCb 1s a flavour factory:
o(pp — bbX) = 144 4 21ub

(v/s = 13 TeV)

PRL 118 (2017) 052002
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METHODS

Two different approaches for excited charmed mesons studies:

inclusive production pp — D ;X

e large yields
e large background

e unable to determine J?

exclusive decays B — DDh, B — D™ hh

@ smaller samples

®low background

e@angular analysis allows J? determination

Dalitz plot analysis formalism:

decay amplitude:

JP

M = Z crAr  Ar — form factors x angular function
k

. k 1k 7P _
output: cx,mg, g, J" , fr  fxu =

‘Ck‘z f Ak(q))dq)

x line shape

D i Cici Ai(P)A;(P)dP

¢ = phase space

As sample sizes increase, better models are needed
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Outline

< Excited charmed mesons in B~ — D*"n 7~
PRD 101 (2019) 032005

< Excited charmed-strange meson in B — D™DVt K*x~

PRL 126 (2021) 122002

< New charm-strange resonances in BT — D" DVTK™

PRL 125, (2020) 242001

PRD 102 (2020) 112003
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
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Excited charmed mesons in
B~ = D* " n~

PRD 101 (2019) 032005
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B~ — D""n

Well-established states, with spin-parity assignment: D;(2420), D3(2460)

BaBar and LHCb observed Dg(2550), D%(2600), D(2740), D3(2750)

PRD 82 (2010) 111101,
JHEP 09 (2013) 145

This analysis: D ; — D*m spectroscopy from Dalitz plot analysis of B— decays,

no spin-parity assignments

pp — B X, B- - D*"r n~, D*" =5 D", D° —+ K—n*

(4.71tb! @ 7,8 and 13 TeV)
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B~ — D""n
Amplitude analysis performed within the 1sobar model framework

M = Z cr Ak Ay — form factors x angular function x line shape
k Blatt-Weisskopt Zemach tensors BW, QMI

¢ Two approaches for the line shapes: relativistic BW and binned amplitude (QMI)

¢ Same spin-parity assignments with both approaches

projection of the fit result projection of the fit result

R - | | . —~ 600 | ‘ |
E 4000| - - E * | |
i i i LHCb i
% i LHCD : Q - Total — -
% 3000 Total — E_,C; 400+ D;p(2420) — —
2 B D (2420) ===+ | 5= i 0" OMI  ----- i
= : I'S QM e ] E ! D}(2600) v ]
© 2000 D3(2460) -+~ - O ! D,(2740) -~ ]
; | 200/ | Dy(2750) =
1000| - - '
O — [SRE '“'"""-";';:-.’,,-__:___ e . B s
2.5 3 0 3

m(D* )  [GeV] ey
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Results:

Resonance | J¥ fraction (%) phase (rad)

® Dy(2420) | 1tD | 56.5 +0.3 +1.1 0
® D;(2430) | 1tS | 260 +£04 4+1.7 | —1.5740.02 4 0.08
D3(2460 2t | 154 4+£0.2 £0.1 | —0.7740.01 £+ 0.01
spin-parity Dy(2420) | 1*S | 59 +£05 +29 1.69 & 0.02 £ 0.06

fit fractions ° D} 1= | 50 £01 £05 | 0.76=+0.02+0.03
2°P | 0.5740.0740.23 | —2.1440.07 4 0.16
2°F | 19 +£01 +1.0 | 0.4940.04=+0.40

37| 0.78+0.06 +0.13 | —1.54 & 0.05 = 0.04
Sum 117.3 +0.8 +3.8

)
(2430)
(220

and ® Do(2550) | 0~ | 53 £0.1 405 | 1.50+0.02+ 0.06

(2600)
(2740)
(2740)
(2750)

PRD 101 (2019) 032005

Resonance | J¥ Mass [MeV] Width [MeV]
D1(2420) 1T | 24248+ 0.1 +£0.7|33.6 &£ 0.3 £ 2.7
Breit-Wigner D:(2430) | 1* | 2411+ 3 +9 | 309+ 9 +28
*(2460) | 2% | 2460.56 + 0.35 475 + 1.1
parameters Do(2550) | 0~ | 25184+ 2 +7 | 199+ 5 417
Di(2600) | 17| 26419+ 1.8 +45| 149+ 4 =+ 20
Do(2740) | 27| 2751+ 3 +£7 | 102+ 6 +26
Dx(2750) | 3= | 2753+ 4 6 66 + 10 + 14
Systematic uncertainties dominated by BW parametrisation of the resonances
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Excited charmed-strange meson 1n
B - D DYK*r~

PRL 126 (2021) 122002
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Heavy quark limit (mq —00) 3 o0 F _ -
¢ meson properties determined  » 3000 B o E
by those of the light quark ‘2“ 2800 [ D (860) D380 =
- 2600 — " . =
,] — 1 L E D (2590) . _| ~ D, (25p6)D+,(2573) E DK
q q 2400 __$ _______ D, (2460) = pk
S — g’q 1 §’Q 22005_ D’ (2317) _E
@7j ; L 25+1 5
¢ jg, So . separately conserved 2000 = n b
1800 | =
Numerous missing states 60b——0 0y
. 1 3 3 3 3 3 3 3
Masses systematically S Sy P P P, Dy D, Dy °F, F; F,
below HQL predictions PDG
Phys. Rev. D93 034035 State JP  Mass(MeV)  Width(MeV) Dominant decays
D%,(2317)t 0t 2317.7+0.6 <38 D q®
: , 2460)* 1+  2459.5+0.6 <35 D+ q0
This study: Do ;
Y D, (2536)* 1+ 2535.104+0.06 0.92 % 0.05 D*+K?°
B’ —» D~ DS 75 D 7= DYKTn™ D573+t 2¢ 25691408  16.9+08 DK+
, + D* (2700)* 1-  2708.3%3°0 120 + 11 DWK
With m(K7n™) <.O-75 GeV D*(2860)* 1— 2859 + 27 159 + 80 DK+
only unnatural spin-parity D%(2860)" 3~  2860+7 53 4+ 10 DWK
states are allowed D, ;(3040)* 77 3044131 239 + 60 DK
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B 5 D" DYK™n~, DT = KTnpTgT . 541 @ [3 TeV PrL126 0021 12200

m(KTr™) < 0.75 GeV K+~ in S-wave (K§(700)°)

§ B ! | ! ! | ! | (.\]’_‘ 22 - ! ! | | :
§ 100 - LHCb —— Data i % 21 ;— .?,':. s g LHCb —;
5 f — Fit = 20F YL =
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S 60 did — <+ 18F E
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S 40 ] - ]
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(Km)s(0T) 4+ DT (07) — spin J=L and parity P = (=1)*™* (07,1%,27,..)

¢ Resonance parameters and spin-parity determined by amplitude analysis

JpD
M= HP*dyg* (0p,) p"=° Fi,(pa) "Pok Fiy, (qa) BW (mgcn-) BWp,, (mp+ictr-)
k

¢ Three components: DI, (X), Ds1(2536)" (J* = 17), nonresonant (J* = 07)

¢ Background (with no peaking structures) subtraction with sPlot technique
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B - D DTK*tr~
+ + + . p* +
¢ Width of the P57 : sum of two open channels, ['Pss = [P K 4 PP, — DR
. . L - +
¢ Cannot determine the ratio of partial widths, r = I'Dsu?PET () /T'Pss ()

e . +
¢ Pole position is stable. Assuming I'Ps7 =Ty, Ty < M,

I I 1 I T
MR—’L?R = \/Mg_ZMOFO:MO\/l_ZﬁOO %M0(1—§ﬁ(;) :M()—Z?O
Systematic uncertainties PRL 126 (2021) 122002
Source mpg I'r Fit fraction (x1072)
MeV] [MeV] | D}, DI, NR D]-NR | D};/Dj
D4(2590)" width model | 6.1 80 | 4.7 0.0 15.0 19.6 0.5
D;1(2536)" mass shape 0.3 43 |23 06 3.5 5.3 1.1
K*m~ 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 cc resonances 1.1 54 | 2.7 0.1 6.3 10.0 0.4
DT~ resonance veto 2.4 21 |46 03 94 4.6 0.2
Simulation correction 0.2 1.1 |03 0.1 0.7 0.8 0.2
Momentum calibration 0.5 04 | 1.3 00 14 2.5 0.2
Total 7.2 11.7 | 86 0.8 19.3 23.9 1.4
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Candidates / (20 MeV)

RESULTS

PRL 126 (2021) 122002

7();'- L L U A L L b (\]120_' L L L L L B P
ob TP — Data 31003_ LHCD ~Data | best fit: J*© =0
- — Fit : % - JP=O— — Fit i
so (0 D(2590)" 1 § ob DSO(§§§2)+ ] i
: 1 D (253 = 80F < Dy(2536)" ] —
s o ﬁR(ZS o : g - Ni{( ) : JP =11 and JF=2
b 3 oo - ] rejected with significance
oF : ol TH+=F"T1  over 10 std deviations
10_ \+ MR ,H {Jf + _ 20 _+ --------- - _ DT
ot ) S Rl o eI b X MR v ) S R goegeegesf T
26 28 3 32 34 T 05 0 05 1 B0 0p.
My gt [G€V] COS HDS )D_
% T
Fit fraction (x107%)
Dy (2590)F 63 =+ 9 (stat) £ 9 (syst) Pole mass and width:
D;1(2536)" 3.9+ 1.4 (stat) &= 0.8 (syst) _
N 51 + 11 (stat) £19 (syst) mpr = 2591 + 6+ 7 MeV
D -NR —18 =+ 18 (stat) =24 (syst) ,
D7}, /DZ, 6.1+ 2.4 (stat) £ 1.4(syst) I'r =89 =x16=+12 MeV

Anew D7 excited state: D,(2590)", with J© = 07 . The D,(2'Sy)™
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BT - D'D KT

New charm-strange resonances
in the DK channels

PRL 125, (2020) 242001

PRD 102 (2020) 112003
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BT - D DTKT
¢ Bt - DW+ptI- K+ decays: unique opportunities to charmonium studies
¢ Resonances in the D™~ K™ channel are manifestly "exotic": cdus

[ model independent

¢ BT — DT D™ K™ with two different approaches :
l model dependent

Full Run 1 + Run 2 dataset: 9 fbl @ Vs =7, 8, 13 TeV

+ + +
DT — Ktn™n ~ oF | | I
(q\! e —
63‘]960 ‘ / §> ~ LHCDb :
< 1940 3 : : ]
> & X o 250 ]
D 1920 P 7o, SV B SSNR A = - : -
1900 EEAL T it TR R L - < 200F ~1260 candidates 3
| N . ]
K 1880 pE3SA PEN: purity >99.5% 1
S 1860 g 1501 -
N 3 = - .
= 1840 S 100F E
1820 " < C ]
1800 i3 O sof -
]780 ..: o g;... ;.'E...'-‘ﬁ.:."l . ‘ .'p et . AA 4_,1. f.] k :":' '::.:‘ .‘:: °, ..-".‘ | = 0 E E
1800 1850 1900 1950 5300 5400 5500 5600

m(K n*n*) [MeV/c?] m(D*DK*) [MeV/c?]
PRL 125, (2020) 242001 PRD 102 (2020) 112003
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MODEL — INDEPENDENT ANALYSIS

PRD 102 (2020) 112003

¢ A clear excess at m* (D" K1) ~ 2.9 GeV ¢ ] Heh N
¢ Could it be explained by cc states? > E
O
Decompose the distribution of the A | R A E
helicity angle in Legendre Q DV s NN J
polynomials, in slices of m(DTD™) b
D : ST
AD*D) 8§ 10 1
BT . mXD K*) [GeV¥c4]
/ K+
Dt . . Simulate a sample uniformly in the Dalitz
weights accounting ,
nData for efficiency plot, weighted by the truncated moments
. k
v + . 2 max .
(Y;) = Z wy Py, (hl(D D )) M = —g= X Z(Y;)Pk (hi(D“LD_))
=1 N J k=0

If only D" D~ resonances contribute,

: — o+
the Dalitz plot can be described by Then compare it to the m(D™K™)
low-order moments (kmax = 2Jmax) and m(D™ K ™) projections
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BT - D DTK™T : MODEL — INDEPENDENT ANALYSIS

Expansion up to spin-2 ( kmax = 4 ): unable to describe the D K spectrum

. ] 70 1 . .

—~ Simulation — Simulation

> %01 LHCDb > | LHCb

S S 50-

o ||

§ 40 § 301 |

© ©

o S 20 ||

S 20 S

< S 10-

O O

0794 26 28 30 32 34 0754 26 28 30 32 34
m(D ~K*) [GeV/c?] m(D*K*) [GeV/c?]

PRL 125, (2020) 242001

Significance of the discrepancy between

: £ 14000- i
truncated Legendre expansmn.and data £ 12000 LHCD
assessed using pseudoexperiments 5 ;
and a test statistic g
S 8000 .
NData B 8 : Data
D~K*)|Hy) /I S 6000- |
f— _9 Z sllog (P(ml( )l 0)/ Ho) & i
— P (mu(D~K*)|H1) [1n,  4000- i
g 2000 1
. = ;
tdata discrepant at level of 40 2 0 0 40 60 80

t
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MODEL — DEPENDENT ANALYSIS

Only charmonium resonances are anticipated, all with natural spin-parity
$(3770), x0(3930), xc2(3930), 1(4040), 1 (4160), ¥(4415), DT D~ NR

A model with only D" D~ resonances cannot describe de data

60 £ LHCb-
1 PRD 102 (2020) 112003

H’

30 -

20

Candidates / (17.3 MeV/c?)

10

0 C :

m(D"K*) [GeV/c?]

Need to add resonances in the D~ K channel:

X0(2900), X1 (2900)
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Bt - D DTKT: MODEL — DEPENDENT ANALYSIS

. ) -
N, PR N =
cez gl - el —eyC T A -
3 35

LHCb -

m(D"K™) [GeV/c?]

o ~ n T L S S a— o F T
S = LHCb ] =2 %f
— é) 120 - - § 70;
5 © 100 w 1 @ 60
D = sof | 3 <=
9\ 7 n . Y, 40E
~ o 60 — ) =
S § 1 £ 3}
— ..g 405_ _E —g 20
= S *F oy Lot J My, 7 O 10
> 0 R e A oF .t AT
m(D*D") [GeV/c?]
% . | LHCb B9 & '
Tonf FE e —_I6 S O
S | X v 13, S sof
— 20 L e %{i;‘}:&.‘r — oA 3 -
Q e R o 40%
+ - ISR ¢ 1 - N u
S 18~ b .g.:'.-‘-""'.- ...',-jfv;g,, - o 30f
16 :— i “ews. -4 g 20 :
i ARt e § 10f
s WO E
6 8 10 12 25
m2(D"K*) [GeV* ¢4
Resonance Mass (GeV/c?) Width (MeV)
X0(3930)  3.9238 £+ 0.0015 4+ 0.0004 174 + 5.1 £0.8
X2(3930)  3.9268 £ 0.0024 + 0.0008 34.2 £ 6.6 + 1.1
X(2900) 2.866 £+ 0.007 =+ 0.002 57 £ 12 £+ 4
X1(2900) 2.904 £+ 0.005 = 0.001 11011 +14

m(D™K™") [GeV/c?]

LHCb -

Candidates / 0.027

35

v (3770) — D* D"
E— x ,(3930) — D* D"
X02(3930) — D" D
———— 1 (4040) — D* D
— — - Y (4160) — D" D"
v (4415) — D* D"
X,(2900) — DK"
X ,(2900) - DK*
Nonresonant

25F
20
15

10 H*

LHCb |

cos(8(D"K™))

Systematic uncertainties dominated by
model composition (S- and P-wave)

New states overwhelmingly
significant: > do

A. Reis, Charm spectroscopy in B decays at LHCb

19

HADRON2021


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

SUMMARY AND CONCLUSIONS

< Spectroscopy of excited D mesons 1s a lively field:

many predicted states yet to be di

scovered

< Decays of B mesons are an excellent tool for investigation:

allow the determination of quantum numbers

B~ — D*"g g~ = spin-parity assignment for various excited D states
D1(2430), Dg(2550), D7(2600), D5(2740), D3(2750)

B - D™DYKTrn~ = Anew D] excited state (J© =07 ): D4(2590)"

M = 2591 4

- 9 MeV,

' =89 £ 20 MeV

BT - DTD™ KT = Two new states decaying to D~ K
(minimal quark content cdus )

X0(2900) : M = 2.866 & 0.007 GeV /c?,
X1(2900) : M = 2.904 £ 0.005 GeV/c?,

I'=57=x13 MeV
I' =110 £ 12 MeV
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