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rTHE LHCb DETECTOR

JINST 3 (2008) S08005

Tracking system
T, IT/OT

Vertex Locator (V ELO)

Primary and secondary

Muon system

Vertex reconstruction _——
// ECAL va M5
; SPD/PS M3 3
Maénet RICH2 M) M2
3

RICH detector : Calorimeters
PID K, o e,Y, 1, n
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I
DATASETS

LHCDb collected 1. fb-tat 7 TeV (2011) + 2. fb-tat 8 TeV (2012) +
180 pb-lat 13 TeV (2015)

LHCb Integrated Luminosity pp collisions 2010-2012

g ,,F
= 221 - ; : : ' ! - :! LHCb Integrated Luminosity at p-p 6.5 TeV in 2015
}’ = Delivered in 2012 (4 TeV): 2.209 /fb . O 1 IJ§_. g ty at p-p
£ 2F Recorded in 2012 (4 TeV): 2.082 ffb |-~ y E C Integrated LHCb Efficiency breakdowm - - )
2 15 = Recorded in 2011 (3.5 TeV): 1.107 /fb o 300r e Delivered Lumi: 212.69 /pb
EF Recorded in 2010 (3.5 TeV): 0.038 /fb /;/ 2 T e Recorded Lumi: 185.72 fpb
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I
INTRODUCTION

4 )
» The heavy quark effective theories (HQET) predict the masses of the

heavy mesons D and B, by a perturbative expansion of Aqcp/mg ~ 0
» Precise measurements of the excited heavy meson properties are a
\ sensitive test of the validity of HQET

.
SQ g L Orbital angular momentum
‘ ‘q Jq = L + 84=u.4,s Angular momentum of the light quark
@ J=j,+350-p. Total angular momentum of the heavy mesc
Spectroscopy notation PDG notation
Radial quantum number Natural spin-parity J* = 0", 1-, 2*,...,(-1)¢
KL
\F&n;SHLJ ] [ D*J(m)O/i or B*J(m)O/j:]
R
\ \
Sum of quark spins L =0,1,2... 2> S, P, D Mass

n
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r

EXCITED CHARMED AND BEAUTY STATES

[ For L>0, there are four different possible (J, j,) combinations ]

E.g. Orbitally L=1 excited D_**>D®K

JE=0pt JE=1t JP=1t JgP =2t

DSO* D,sl Dsl Ds2*

Two Broad States Two Narrow States
decaying in S-wave decaying in D-wave

(Mr~100 MeV) (T~ 1+10 MeV)
\ ] Y ]
i Y
Jqg=1/2 jq = 3/2
doublet doublet

EMMI: Resonances in QCD

ye N
( jq JY  Allowed decay mode |
DK D*K

DI, 1/2 07 yes no

D, 1/2 1 1o yes

Dsl 3/2 1+ no yes
\ Diy 3/2 27 yes yes .
T 4

The four states come 1n doublets and within each
doublet :

v' 1 natural state (D, ,*) decaying to DK and D*K
v" 1 unnatural state (D) decaying to D*K

@nly exception is the (0*,1%) doublet above)

Similar picture for the excited B**>B",

M. Pappagallo

B ,**>B®K, D**>D® &
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r
HOW TO DO SPECTROSCOPY?

“Inclusive Analysis” “Exclusive Analyses”
(e.g. ete > D**(>Dn) + X or pp 2 B j**(2BK) + X) (e.g. B 2D**(>Dn)r or BCQBS**(QBK)n)
/ \ K Limited statistics ‘= \
> Large cross sections & = Gl ndereTmg. -
» Large combinatorial background ™~ > Resonance characterized by
» Resonances appear as bumps amplitude (i.e. bump) AND phase
» Hard to disentangle broad structures (i.e. interference) ‘=
> Ditficult to assess spin due to the - /\, > Suitable to study broad resonances
unknown initial polarization — > Spin-parity assignment by 43,
\ / \amplitude analysis a /

1

=)

& [rad]
w
Im(T)

0.8

de/dm [rad/0.011GeV/c?]

0.6

do/dm [rad/0.011GeV/c)]

o N IS ) ®

0.4

0.2

o N ES = ®

0

0
08 1 12 14 16 18 08 1 12 14 16 18 08 1 12 14 16 18 06 04 02 0 02 04 06
m [GeVic’] m [GeV/c] m [GeV/c] Re(T)
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The Puzzle of the Excited D, Mesons
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rSTATUS OF D(S) SPECTROSCOPY

(BEFORE 2003)

» The charmed excited states studied in inclusive analyses and into B decays
> The orbitally L=1 excited D, states observed first
» Four states expected: 2 narrow and 2 broad. Properties well predicted by theory

— — 3
28 - = py ___ ---- - st 2
828 O 823 ]
% 2 6 - % - = =D *(2S)
O === — D(28)
< ' bes) : < 2 6 | --_T _
E L o 4 E -__....__-_._.____ﬁ.'.ﬁ.'--q. ................. Ap=k
24+ _D'l_ *-p n -
ol R ] 24f 1.
22 I o 22k ]
i = Godfrey, Isgur [PRD 32, 189 (1985)]
2 """ n‘*- """"""""""""""""" =P~ 2 ' — = =Di Pierro, EichtenTPRD 64 (2001) 114004]
[ == -_z?:_- @® Observed
1.8—=

2S+1LJ 150 3S1 P, 3P1 P, 3P2 D, 3D2 D, 3D3
jq 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2

2s+1LJ 150 3S1 'p, 3P1 P, 3P2 D, 3D2 D, 3D3
jq 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2

JPo r ot rr1r 21 22 3 JPo r ot rr1r 21 22 3
PDG  Mass (MeV) Width (MeV)
4 D;(2400)° 2318 +£29 26740 ) 4 PDG Mass (MeV)  Width (MeV)\
Dy (2400)* 2403 £ 40 283 £ 40 =
D1(2430)0 2427 + 40 3847179 s0 T -
D1 (2430)* — — ; 1 — —
D;(2420)° 2421.4£0.6  27.4%25
Dl((2420))i 24232+ 2.4 25+ 6 D,1(2536)F  2535.10 4 0.08 0.92 + 0.05
D3(2460)° 24626+ 0.6  49.0+1.3 * +
\_ D3(2460)* 24643 + 1.6 3746 Y, \ - :2(2573) 2801:97=50°8 Iie=a —)
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MNPuzzZLE:
EXCITED D, MESONS: L=1, j, = 1/2(?)

[ Inclusive studies of D, ]

[BaBar, PRL90, 242001][CLEO, PRD68, 032002]

Ds*\ D, *(2317)
- LN L LB DL IRLINL L L ARLENL A
450 % } «— fl(a
“o 400 ;—&i \ § i ( ) Ds1(2460)
S350 f o 20
= 300 £ 2 |
0 250 F +W++ wo L
2200 | Py 4 f 210k
o100 E Pttt o f
50;_ O L
0~P|.|I.|||I.|..I|||| L L T e
2.1 2.2 2.3 2.4 2.5 100 200 300 400 500 600
m(D,n’) m(D,y")-m(D,Y)
. N -
PDG Mass (MeV) Width (MeV) /S“rpmsm'gly
arrow!
*(2317)F  2317.7+0.6 < 3.8 narrow
D,1(2460)F  2459.5 £ 0.6 <35 PR
\: OO
Dea
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MNPuzzZLE:
EXCITED D, MESONS: L=1, j, = 1/2(?)

|| 3

> : _D wk :_D_s;-_ __ .= :

= q) = 's """"" Dsjy(2860) D-sr* ----- -D's2' --8.. —

=1 ) 7 8L .- _

e | .

— 1 [#p) F-====D*2S) -~ ~~~~- D%[v(2700) """""""" —

s 2 £26— D(25) o T

> 9 2 i — v i
J / -------- iy 'ﬁ-l’xl— ----------------- —-1D*K

L D [ ] a

o 24+ D(2460) -

2 - ¢ i

Ty _ D *(2317) il

- - — - 22F =

JE =0t JP=1f JF=1Ft JF=2° i = i

D * D, D, D_* - o Godfrey, Tsgur [PRD 32 , 189 (1985)] .

2 I - - = =Di Pierro, Eichten [PRD 64 (2001) 114004] |

B Two Narrow [ o ® Observed ]

at States
(Fr~100 MeV) ('~ 1 MeV) 2S+1LJ ISO 351 1P0 3P1 1Pl 3P2 1D1 3D2 1D2 3D3

J, V2 12 1/2 172 3/2 3/2 32 3/2 5/2 5/2
JEo 1ot 1121 2 2 3

> D */D,/>D®K kinematically forbidden
» Isospin violation decays: D ,* >D, i® and D’,; >D.* i
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MNPuzzZLE:
EXCITED D, MESONS: L=1, j, = 1/2(?)

/> Spin-Parity J¥ = (0%, 1*) as expected for the L=1, j =1/2 states \
» B>DD,_,* branching ratios below expectations (i.e. ~1) for a qq
state [PLB572, 164 (2003)][PRD69, 054002 (2004)]

B(B* — D°D*")

B(B+ — DYDJ)
B(B° — D= D)
B(BY — D-Dy)

— 0.08110:932

=0.13£0.04

» Many alternative interpretations:
DK or D, m molecule, qq + tetraquark/DK mixing /

[ No D *ir* partners have been observed in inclusive studies [BaBar: PRD74 (2006) 032007]]

or in B decays [Belle: PRD 91 09211 (2015)]

EMMI: Resonances in QCD M. Pappagallo
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I
IMPACT OF THE D,,(2317) MESON

1. The BaBar detector
(1892) BaBar Collaboration (Bernard Aubert (Annecy, LAPP) et al.). Apr 2001. 119 pp.

Published in Nucl.Instrum.Meth. A479 (2002) 1-116

SLAC-PUB-8569, BABAR-PUB-01-08

DOI: 10.1016/S0168-9002(01)02012-5

e-Print: hep-ex/0105044 | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service; BaBar Publications Database; BaBar Password Protected Publications Dat

Detailed record - Cited by 1892 records [t

2. Observation of CP violation in the B” meson system
(728) BaBar Collaboration (Bernard Aubert (Annecy, LAPTH) et al.). Jul 2001. 8 pp.

Published in Phys.Rev.Lett. 87 (2001) 091801

SLAC-PUB-8904, BABAR-PUB-01-18

DOI: 10.1103/PhysRevLett.87.091801

e-Print: hep-ex/0107013 | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service; BaBar Publications Database; BaBar Password Protected Publications Dat
Server

Detailed record - Cited by 728 records Eilitd

ﬁ 3. Observation of a narrow meson decaying to Dy 7" at a mass of 2.32-GeV/c’
(722) BaBar Collaboration (B. Aubert (Annecy, LAPP) et al.). Apr 2003. 7 pp.
Published in Phys.Rev.Lett. 90 (2003) 242001
SLAC-PUB-9711, BABAR-PUB-03-011
DOI: 10.1103/PhysRevLett.90.242001
e-Print: hep-ex/0304021 | PDF

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
CERN Document Server ; ADS Abstract Service; BaBar Publications Database; BaBar Password

Server; SLAC Document Server
Detailed record - Cited by 722 records Eilitd
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™
Excited D Mesons @ LHCDb
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I
EXCITED D; STATES

[LHCb, JHEP 09 (2013) 145]

/> The quark model predicts many excited )

> [ D¥*
states in limited mass regions 05 gl —
> Ground and 1P states well established o~ 222222 D70y 2 2R T00. b2 T
> BaBar collaboration found 4 new states B Dy*(2650) ----oooooonoo- -
i * 2 2.6 - D,(2580) <o -
decaying to Dmr and/or D*m1. Need to be = - oos) o T
\_ confirmed. [PRD82 (2010)111101] ) 54l - .a e B
- F
LHCb: Inclusive study of D*(>Krmm)rr, DY(>Kmn* and 2 1o
D**mr. Several millions of D’s in 1 fb! i L ’
2p e Godey, Tsgus [PRD 32, 189 (1981~~~ °7
( \ | = = =Di Pierro, Eichten [PRD 64 (2001) 114004] |
> Natural spin-parity states (J* = 0%, 1-, 2+,3"...) 1 8t v ® Observed
can decay to Dn and! D*no ) ) 2§+1LJ 's, s, 'p, %P, 'P, °P, 'D, D, 'D, °D,
> I{nnatural Spm'pa*“ty states (J* =0, 17, 2, J V212 12 172 312 312 32 3/2 512 512
g 3*...) can decay D*n ) P T O YTy o3
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r
D®a MASS SPECTRA

How to fit? How many resonances?

% : N 1 I' ' 1
s [ (¢
< 30000 )
g Dy
20000 ;o .
ke
8 g
;
10000 |
0 [ | L . . L | 1 .
200 2400 2600 2800

M(D*x) ]D**n-) [MeV]

[ » D¥*m: Natural + Unnatural states

> Do

: Natural states + Feed-down of states in D*n

\_

» Fitting the D*m1 spectrum first
> Helicity angle 3 used to study the natural/

unnatural component:
v oc sin?3 for natural spin-parity

v’ oc 1+hcos?d for unnatural spin-parity )

">\ [T T T T L e — |
250000 (2) , ﬁiﬁiiﬁ
< i N: -‘.
<l L] H L .
gsoooo_— : \ e ]
E \/ -

40000} * : .
20000 -
02000 2200 2400 2600 2800

M(DTC) P(D*n‘) [MeV]
N Natural Unnatural

EMMI: Resonances in QCD
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r
D™ MASS F1T

Step 1 0000 ™ T T

[LHCb, JHEP 09 (2013) 145]

lcos 3| >0.75 I %
enhances unnatural component S |
(residual natural component ~9%) s .
<t -
=~ 2200 24.00 26.00 28.00 30.00
% 5000
o]
<
Natural Unnatural S
3
O Loo.b >I L 'I W ALLETY] TYTTTSY MY 1 L 1 L 1 L
2200 2400 2600 2800 3000
8 0‘6 VO‘A '0‘2 O‘ 0‘2 O‘A 0‘6 0.8 -1 -08 '0‘6 VO‘A '0‘2 0‘ 0‘2 O‘A 0‘6 0.8 m(D*+n-) [MeV]
cos cos &

D,(2420)° + 3 unnatural states
D,(2580), D,(2740), D,(3000)
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D™ MASS F1T

[LHCb, JHEP 09 (2013) 145]

Step 2
4 ) —
| cos 91<0.5
enhances natural component 10000
Parameters of the unnatural states E
\_ from Step 1 ) 2 | | | |
8 2200 2400 2600 2800 3000
S 5000
Natural Unnatural 2 i LHCb
: S
E | ) e ‘ ‘ ""‘]-'.‘:’.',‘,':_-‘.._,..::“L” ) ) ) | ) , ) J--"‘ -------
2200 2400 2600 2800 3000
i - L m(D"'n) [MeV]
cos & cos &
4 )

D,"(2460)° + unnatural states + 2 more natural states:

D;*(2650), D" (2760
L ;/(2650), D,;'(2760) )
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I

D*n- MASS FIT

Step 3

-

angular distributions

~N

» Parameters of all states fixed from Step 1&2
> Fit performed in bins of cos & to verify

J

D, (2420)

D,*(2460)

Unnatural N atural
= 80000 = 25000
g LHCb % LHCb
2 ool @D (2420 S 20000 (b) DA(2460)
Z 4
= o
15000 |-
40000
10000 |-
20000 |- N
5000 /@

0

L L L
-1 -0.5 0 05 1

costy

costy

EMMI: Resonances in QCD

~, 16000
T
2 14000
18
§ 12000 F :
] % 10000
8000F
6000 |
4000
2000

D,*(2650)

D,*(2760)

[LHCb, JHEP 09 (2013) 145]

Natural

Unnatural

NI P N L
O e s e e

" i "
O e e e

cos &

D,(2580)

cos &

D;(2740) D;(3000)

Natural N atural Unnatural Unnatural Unnatura
LHCb o LHCb %: LHCb c;’: » LHCb %: ¥ LHCb
(d)D(2650) 3 (b)D(2760) §‘°°0° (a) D (2580) § (b) D,(2740) §4W" (©) D,(3000)
E i = + = 2000 = ook ]
++ 10000 ‘ + ] ++ ; 2000i+. ++
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ B G S
1 0.5 0 0.5 05 0 05 1 -1 05 0 05 1 -1 05 0 05 1

cosby

M. Pappagallo
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Dn*/D*m- MASS SPECTRA ({485

[LHCb, JHEP 09 (2013) 145]

Cross-feeds estimated from states
appearing in the D*m spectrum

60000

40000

Candidates / (4 MeV)

20000

60000

40000

Candidates / (4 MeV)

20000

L L L l L
2200 2400 2600 28‘00‘ ‘30‘00‘ 2200 2400 2600 2800 3000
m(D’r) [MeV] m(D'7) [MeV]
Resonance | Final state Mass (MeV) Width (MeV) Yields x103 Signif (o)
2 more natural states: D1(2420)° | D*Fx~ | 2419.6 £0.1£ 0.7 | 352 +04+09 | 2102 +1.9+ 0.7
D3(2460)° | D*tx~ | 2460.4 £0.4+ 1.2 | 43.2+124+30 | 819 +1.2+0.9
0 i D*(2650)° | D*Fx— | 2649.2 £3.5+ 3.5 | 140.2 £17.1+ 18.6 | 50.7 £2.2+ 2.3 24.5
D; (3000)°, D; (3000) Di((276030 D*Fr= | 2761.1 5.1+ 6.5 | 744 +34+37.0 | 144+17+ 17 10.2
D;(2580)° | D*tx— | 2579.5 £3.4+ 5.5 | 177.5 £17.84 46.0 | 60.3 +3.1 + 3.4 18.8
D;(2740)° | D*Fx— | 2737.0 £3.5+£11.2 | 732 +134+£ 250 | 7.7 +11+12 7.2
D;(3000)° | D*tx~ | 2971.8 +8.7 188.1 +44.8 9.5 +1.1 9.0
Study of D® o spectrum D3(2460)° | DTx | 24604 £0.1£ 0.1 | 456 £04+ 1.1 | 675.0 £9.0 £ 1.3
. D%(2760)° |  Dtx— | 2760.1 +1.14+ 3.7 | 744 +£3.4419.1 | 558 + 1.3+ 10.0 17.3
from B decays required to D*(3000)° | D*tr— | 3008.1 £4.0 110.5 +11.5 17.6 £ 1.1 21.2
determine spin-parity D;(2460)" | DYx" | 24631 £0.2+ 0.6 | 48.6 £1.3+ 1.9 | 341.6 £22.0£ 2.0
D%(2760)" | DOxt | 2771.7 £1.7+ 3.8 | 66.7 +6.6+10.5 | 20.1 £2.2+ 1.0 18.8
D%(3000)t | DOt 3008.1(fixed) 110.5 (fixed) 7.6 +1.2 6.6

EMMI: Resonances in QCD
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SPECTROSCOPY OF D** IN B DECAYS

[LHCb: PRD 91 (2015) 092002]

First observation of B- 2 DK
No resonances expected decaying
in D*K- (quark content csdu )

_ ) — BRI :
SEEN 7 ~ 350 ! 22460 b 3
: LHCb | 2 300
7| 20F 7 > Data ------ D3(2460)°
NS - 1 § 250 Total “ieoe- DY2760)°
g 15 4 7 200 Background By’
S 1 g 150 ~ D3(2007)° e oee Nonresonant S-wave
NE C 1= " &~y g e Dj(2400)° ——— Nonresonant P-wave
10, #(2460) 1 § 1o
[ 1 O 5
S 1 . 0
5 10 15 20
m?2(D* ™)
/ \ Resonance Fit fraction
> Large NR component D;(2400)° 83+26+0.6+19
» Observation of D;*(2760)°: D3(2460)° 3.8+ 15409+ 14
> Det inati £ d width D;(2760)° 49+12+03x09
e erm}na }01’1 0 mE}SS an. w1 S-wave nonresonant 330+74+15+108
> Determination of spin-parity J*=1- ll’)-_wg‘g) ;'?)nresonam 2;: ;—‘ ;g i f; H ?;’
5 (further supporting the interpretation as D;*(1D)) | : il 16+19+09% 16
EMMI: Resonances in QCD M. Pappagallo 21
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SPECTROSCOPY OF D** IN B DECAYS (II)

Amplitude analysis of B 5Dt r

D, *(2460)

[LHCb: PRD 92 (2015) 032002]

<

\_

Two models for ot ir: sum of BW’s and K- matrix

» D,*(2400) spin-parity determined: JP=0*

» Observation of D;*(2760):

» Determination of mass and width

> Determination of spin-parity J*=3-
(interpreted as orbitally L=2 excited state D,*( 1@

EMMI: Resonances in QCD

D,*(2460)
10'g A — —— —_ P r
E W | 74 LHCh ] © 150 —— Data LHCb ]
5 % 2000 a8 :)s:':ar o S —— Isobar fit i
0 3 s o O Kk srrmcai D,(2760) ]
o 1500 5 = loo A Other D .
S ] - r': S-wave = mE
— — . @
1 é 1000 | Background E “ - Background
& 2 1
0 7 8 9 10
m2(D07T_) FeVic’] m2(D07T_) reV/c]
f,(1270) ‘
p(770) Resonance Isobar (F; %) K-matrix (F; %)
Nonresonance  2.82 £ 0.34 + 0.07 = 0.80 n/a
fo(500) 13.2 4+ 0.89 + 0.31 £ 2.45 n/a
fu(980) 1.56 + 0.29 + 0.11 £ 0.54 n/a
fu(2020) 1.58 4+ 0.36 + 0.15 = 1.00 n/a
S-wave 16.39 £ 0.58 £0.43 =1.46 16.51+0.70 £ 1.68 = 1.10
p(770) 37.54 4+ 1.00 £0.61 =0.98 36.1541.00 £ 2.13 =0.79
w(782) 0.494+0.13+£0.01 =0.03 0.50£0.13 £ 0.01 =0.02
p(1450) 1.544+0.324+0.08=0.22 2.16+0.42+0.82=0.21
p(1700) 0387 0% +£0.07=0.06 0.83+0.21+0.61=0.12
f2(1270) 10.28 £0.49+0.31 =1.10 9.88 £ 0.58 £ 0.83 = 0.58
D%~ P-wave 9.21+0.564+0.24 =1.73  9.22 + 0.58 4 0.67 = 0.75
D;;(2400)~ 9.00 £ 0.60 £0.20 =0.35 9.27 £ 0.60 &+ 0.86 = 0.52
D3(2460) 28.83 4£0.69 4 0.74 =0.50 28.13 4+ 0.72 4 1.06 = 0.54
D3(2760) 1.224+0.194+0.07=0.09 1.58+0.22 + 0.18 =0.07

M. Pappagallo
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SPECTROSCOPY OF D** IN B DECAYS (III)

[LHCb: PRD 92 (2015) 012012]

[ Amplitude analysis of BO >DK*

D2*£2460)
’ 1 7 2F T LH Ci) Resonance Fit fraction Upper limit
LHCb 4 = - ] K*(892)° 374+15+12=1.7
] & 200f / E K*(1410)° 0.7+£03+08+08 <32(37)
1 % ! ] K;(1430)° 51+20+24+34
1 5 % 7 LASS nonresonant  4.8+38+38£6.7
1 3 ; ] LASS total 6.7+27+2.7+54
1 8 100 3 K3(1430)° 74+17+11£20
] . _ ] D;(2400)~ 193 +28+2.0+74
A G AR i 50 W gl E D3(2460)~ 23.1+1.2+1.1+£1.2
e arasamntil o T 1 [D3(2760) < 1.0 (1.1) |
15 20 05 3 n - Dr S-wave (dabba) 6.6+ 1.4EX1.2=3.7
m2 (Doﬂ'_ ) ]1 ) [GeV? m2 (DOTF_‘)‘T) (GeV) Dr P-wave (EFF)  89+1.6+22+3.0
K*(1430)
D,*(2460) K*(892)
®  Dpata m— Totalflt  "EEEEe K*(892)°  mivmr K*(1410°
"""" Kn S-wave (LASS) —_— K§(1430)° = ' Dg (2400) D; (2460)
e “ Dr S-wave (EFF) memem— Drn P-wave (EFF) ' [ Background

No evidence for D,*(2760)
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Excited D, Mesons @ LHCDb

EMMI: Resonances in QCD M. Pappagallo

24




r
EXCITED D. STATES: INCLUSIVE ANALYSIS

[LHCb: JHEP 10 (2012) 151]

LHCDb collaboration has confirmed 2 broad states decaying to DK:
D, *(2700)* & D_;*(2860)*

b D,*2573) T 1 4 |
> 6000 . > "
g ) §4oooo
n v L
g " 1 & K
3 ) 820000
2 2000 y 2 r
g [ . ™ ] 8 [

ol . . —1 obet - i . . .

25 3 25 3
D m(D+Kg) eVic’] D" m(DOK+) GeVi/c?

o sl*(2700) LHCb _ “ 2000.
3 D,*(2860) ] 8 |
0 w0 [
g o
3 3
: : |
3 3 o

3
D m(D+Kg)]GeV/c’]
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Candidates / (7 MeV/c?)

r
SEARCH FOR “D.,*” IN B. DECAYS
0

[LHCb: PRL 113 (2014) 162001]
[LHCb: PRD 90 (2014) 072003 ]

If the D (,*(2317) is not the L=1, j =1/2 excited D, state, then a
broad D ,* state above the DK threshold should appear in B, decays

8 R
2 2
(=] o

Resonance Fit fraction (%)
Amplitude analysis of B, > D° K- «* K*(892)° 28.6£0.6
_ ————— e e— K*(1410)° 1.74+05
C 4% ' ' ' ' LASS nonresonant 13.7+2.5
: ﬁ . paa LHCb 3 3> 350F LHCb K3(1430)° 20.0+ 1.6
- Full it 4 = 300fF _ LASS total 21.4+1.4
S § R B! signal 1 S 2s0F K5(1430)° 3.7£0.6
Combinatorial bkg. J 3 00 K*(1680)° 0.5+04
AW A E— 8 DK x 158 TF K;(1950)° 0.3+0.2
= WY A S B 0%~ %8 POF D%,(2573)" 25.74+0.7
3 g% 18 10f %,(2700)- 1.640.4
F 2 5 0™ b B sob Dz, (2860) 50+1.2
o e : ot O N e 8 D75(2860) " 2.2+0.1
3500 5400 5600 5800 054 2.6 2.8 3 32 Nonresonant 12.4+£2.7
DO — 1) [Mevic?) NOze—\ ) I[GeV/ic?] Diy 4.7+14
m(D K~ 77) m(D°K7) D%, (2317)" 2.3+1.1
Bt 1.9+ 1.2

Total fit fraction 124.3

/
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No evidence for such a broad D ,* state




r

EXCITED D, STATES IN B, DECAYS (1I)

[LHCb: PRL 113 (2014) 162001]
[LHCb: PRD 90 (2014) 072003]

» LHCDb has performed a Dalitz Plot analysis of B, > DK-mr*
> D_;*(2860)" consists of (at least) 2 overlapping states J'=1-

‘)

D_,*(2860)
_ |
o >
. b
i o
) z
<) 3
N o
'. _-,5’3 t« -_.'A,'~'j \ : : ' : h 5 o '
P R A i - 9 :
I 75 28 285 29 295 3
N0 — K 2/4 NO rr—) [GeVie
D, *(2573) [Lm2(D°K ) K)[GeV '9d:(892) m(DYK ) JaeViel
Resonance  Mass (MeV/c?) Width (MeV/c?)
D7 (2573)~  2568.30 £ 0.29 16.9 £ 0.5
= (2860)~ 2859 + 12 159 + 23
D?5(2860)~ 2860.5 £ 2.6 53 + 7

EMMI: Resonances in QCD M. Pappagallo

Resonance Fit fraction (%)
K*(892)° 28.6 + 0.6
K*(1410)° 1.7+£0.5
LASS nonresonant 13.7£25
K5(1430)° 20.0+1.6
LASS total 214+1.4
K5(1430)° 3.7+0.6
K*(1680)° 0.5+0.4
K3(1950)° 0.3+0.2
Dz, (2573)~ 25.74+0.7
D7, (2700)~ 1.6+£0.4
Dz, (2860)~ 50+1.2
D*,(2860) 2.2+0.1
Nonresonant 124+ 2.7
Dz, 4.7+ 1.4
D%, ,(2317)~ 23+1.1
Bt 1.9+1.2
Total fit fraction 124.3
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! S
WHAT’S NEXT?

| RUN I not fully exploited so far! |

/Above D® r and D® K thresholds: \
v’ Most of spectra have been studied
v Missing: D" K* and D** K’ (Why?)

v Below D™ it and D™ K thresholds
v Missing: D0y, D00 DOy, D®_n’ (Why?)

Calorimeter system not designed/optimized for the detection of
“soft” photons and neutral pions (Only ~ 10 LHCb papers out of
280 deal with neutrals).

\_ /
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! S
WHAT’S NEXT?

v Prompt production:

v’ Low detection efficiency of neutrals balanced by the large
production cross-section (larger than expected at 13 TeV
[arXiv: 1510.01707])

v Trigger revisited to keep running the charm spectroscopy
program

v Very large combinatorial background

v' Production from B decays:

v Selection optimized on the B, signals
v’ Production of high spin states disfavored /
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r
PROSPECT

v' Nature of D " (2317) and D_,(2460):

» Search for new decays modes

Decay Channel D;;(2317)* Ds(2460)™
DI nY Seen Forbidden
D~ Forbidden Seen
DF % (a) Allowed Allowed

D3 (2112)*7° Forbidden Seen

D; ;(2317) " - Allowed
DFn%x° Forbidden Allowed
DF~y (a) Allowed Allowed

D;(2112) Allowed Allowed
Dinta— Forbidden Seen

» Production studies (e.g. D,;(2460) 2D, y production cross-sectiorn
> Studies from B, decays (e.g. B, 2 D, n’ o™)
» Determination of D(2317) (and D.*) spin-parity
» Measurement of BR
» Search for D(2317)° 2D, o*
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r
SUMMARY %
// rWhat we achieved: \

v' Confirmation of many excited charmed states

v’ Precise measurement of masses and widths

v' Determination of spin-parity by amplitude analysis of B decays
v' Plans

v’ Studies of D*mr and D*K in B decays

v' Challenging studies of spectra with neutrals in the final state

v' Search for D,,(2632)2D, n
\\/ Search for the beauty partners of D,,(2317) and D ,(2460): B,,* and/B/

Exciting prospects ahead due to the ongoing data taking!
(RUN I+ RUNII ~ 8 fb')

EMMI: Resonances in QCD M. Pappagallo 32



I.Back-up slides




r
DOUBLETS IN EXCLUSIVE ANALYSES

4 . . )
Exclusive analySlS Ji J  Allowed decay mode
- *)+ - q

e o ke o Dr__ D'n

elle: S.nev.

Y D 1/2 07 yes no
: ) | "
(e.g) L=1, j,=3/2 doublet Dl ;g i+ Eg igz
> 1 peakin D= .
> 9 geaks i D*n} as expected D 3/2 27  yes yes
\_ J

a, 70 ~, 140 ¢
% 60 DI(MZO)O D’ BELLE % 120 Dz*(2460)0 ) BELLE

= = D2

g 50 g 100 s :

£ 40 g 80

= 30 =60 -

20 40 - '
10 20 "
0 hi’s.:‘n s L SO VPR
5]

LA

' M(DTC) GeV/c)

Broad states of the j=1/2 doublets also revolved by an amplitude analysis
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I

DOUBLETS IN INCLUSIVE ANALYSES

( [ °
Inclusive analysis

pp 2> DO*m +X

[LHCb: JHEP 09 (2013) 145]

~N

(e.g) L=1, j,=3/2 doublet
» 1 peakin D=
s » 2 peaks in D*=n

EMMI: Resonances in QCD

M. Pappagallo

je JT  Allowed decay mode
D~ D*r
D 1/2 07 yes no
Dy 1/2 1% no yes
Dy 3/2 1t no yes
D3 3/2 2%  yes yes
35




I

DOUBLETS IN INCLUSIVE ANALYSES

(

Inclusive analysis

~\

- P
J J Allowed decay mode
*)+ - q
pp 2 DOtm +X !
[LHCb: JHEP 09 (2013) 145] _ - Dr D
D 1/2 0 yes no
/ +
(e.g) L=1, j,=3/2 doublet Dy 172 17 no yes
e : Dy 3/2 1 no yes
» IpeakinPr 3 peaks in Dn? ps 32 ot " .
g > 2 peaks in D*zn ) 2 Y y
D,(2420)" i -
Srawam - R o

< 30000 - y = < | rsoN s ]

% . : DZ*(2460)0 560000 - f/\‘l \ l| - D, (2460)° ]

I Y _ g : \ 15 ]

A - 2 \_ / :

5 | ¢ E | 8 40000[ * .

10000}~ ¢ ]

[ 20000} .

"o 2a0 260 ‘38|00' | 000 200 2402600 200
M(D*n)]pm') [MeV] M (Dn) P(D%) [MeV]
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M. Pappagallo

36




'FEED-DOWNS OF D,/Dy,*2>D*n DECAYS

INTO Dt MASS SPECTRUM

( [ °
Inclusive analysis

pp 2> DO*m +X

[LHCb: JHEP 09 (2013) 145]

\_
4 j,=3/2 doublet
» 3 peaksin Dxn

v D,*>Dn

> 2 peaksin D*n
\ p

v’ D; >D*zn feed-down
v' D,*>D*r feed-down

-
-
-~
~ T T 7 rs
> - . 7
< 30000 B . 2 7]
&0 Sy _
20000 - ;o -
o i . i
;
10000 ;
0 i 1 " " " 1 " L " 1 " " . L . "
2200 2400 2600 2800

) [MeV]

M(D*m) P!
EMMI: Resonances in QCD

~
je JY  Allowed decay mode
J Dr D*m
™\ D 1/2 07  yes no
D/1 1/2 1+ no yeS
Dy 3/2 1t no yes
* +
ovprlapped if D; 3/2 2 yes yes
I >m(D*)-m(D)
D,(2420)° /D,"(2460)° feed-down
- Ly D** o~
—’—j “~§~ L>D+y7’1{0
a0\
. T
G- @ 2 \‘, %
S /\« % D, (2460)" |
ge0000- ¢ \ .
P Vi
840000 - ! .
20000 - ]
n 000 200 200 260 200
(D" ) [GeVics M (DTC) P(DJ{R-) [MeV]
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I
INTERPRETATION

[LHCb, JHEP 09 (2013) 145]

 D,*(3084) 4°
B D,*(2806) 3 D, (3079) 3*
3000 D,(2806) 2 D, (3074) 3*
D,(2801) 2 D,*(3074) 2*
= | p2796) T
2 — D ((225%18‘;) 8_ D,*(2479) 2*
£ 2500} o —_D(2469) T
? —D,2419) T
© D,*(2380) 0*
=
2000{=D*(2023) 1
- D(1864) O
1S 25 ) 1P 1F

D,;2580) could be identified with the D(2S) (e.g. D(2558))
D,*(2650) could be identified as the JP=1- D*(2S) (i.e. D;*(2618))

D;(2740) could be identified as the JF=2- D,(1D) (i.e. D4(2801))
D,*(2760) could be identified as the J"=1- D;*(1D) (i.e. D,;*(2796))

Study of D®m spectrum from B decays
needed to establish spin-parity

EMMI: Resonances in QCD M. Pappagallo 38




