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WHAT ABOUT ME?

Education

-
» Degree in Physics @ University of Bari
Thesis: Electroweak baryogenesis mediated by domain walls
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WHAT ABOUT ME?
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» Degree in Physics @ University of Bari

» PhD @ University of Bari
\Thesis: “Dalitz plot analyses of D,2KKmr and D,2nmnm at BaBar” y
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WHAT ABOUT ME?

Education

» Degree in Physics @ University of Bari
» PhD @ University of Bari

Jobs

{ » Post-doc @ Durham University [Nov 2005 = Apr 2007]

Kingdom
Ssstrouon

IPPP
(Institute for Particle Physics Phenomenology)

Search for rescattering effects by studying the Ko™ and K*K- S
waves in the D™ > Kn+a+ and D, 2K*K'm* decays
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WHAT ABOUT ME?

Education

» Degree in Physics @ University of Bari
» PhD @ University of Bari

Jobs

» Post-doc @ Durham University [Nov 2005 - Apr 2007]
» Post-doc @ University of Bari [May 2007 = Jul 201

Charm and Beauty Spectroscopy

Scanning the geometry of the LHCb detector in simulation
and looking for overlaps between volumes (> 3000)
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WHAT ABOUT ME?

Education

» Degree in Physics @ University of Bari
» PhD @ University of Bari

Jobs
N

(

» Post-doc @ Durham University [Nov 2005 - Apr 2007]
» Post-doc @ University of Bari [May 2007 = Jul 2011]
» Post-doc @ University of Glasgow[Nov 2011 - Present])

\_

Charm and Beauty Spectroscopy
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WHAT ABOUT ME?

Education

» Degree in Physics @ University of Bari
» PhD @ University of Bari

Jobs

4 A
» Post-doc @ Durham University [Nov 2005 - Apr 2007]
» Post-doc @ University of Bari [May 2007 = Jul 2011]
» Post-doc @ University of Glasgow[Nov 2011 = Present]
J

\_

Responsibilities

[ » Convener of the Exotic subgroup [Sep 2012 - Mar 2014] ]

Running weekly meetings

Work coordination between several groups of analysts
Reviewing the analyses at their first stages

Taking care that the main analyses are covered
Checking that analyses proceed smoothly to publication

LHCb

SO
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WHAT ABOUT ME?

Education
[> Degree in Physics @ University of Bari J

» PhD @ University of Bari

Jobs

4 )
» Post-doc @ Durham University [Nov 2005 - Apr 2007]
» Post-doc @ University of Bari [May 2007 = Jul 2011]
» Post-doc @ University of Glasgow[Nov 2011 = Present]
J

\_

Responsibilities

» Convener of the Exotic subgroup [Sep 2012 > Mar 2014]
» Convener of the B- hadron&Quarkoma [Apr 2014 > Present

Production & b h a dron & B, LH Cb
Polarization
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OUTLINE

/> The LHCDb detector

» Introduction

> Excited Charmed Mesons

Q Excited Beauty Mesons
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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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DATASETS

[ LHCDb collected 1. fb-lat 7 TeV (2011) + 2. fb-l at 8 TeV (2012) ]

LHCb Integrated Luminosity pp collisions 2010-2012

g 22 f_. ...................... R —— HEREUURAERUERORRURS: SUERUURUUIREUUIRUUE. DURRTUUERCURNURURUD REURORRRES RUURREUREURIERRRE SRR S DR
‘S — Delivered in 2012 (4 TeV): 2.209 /fb
‘D 2 _— ~~~~~~ B Recorded in 2012 (4 TeV): 2.082 /fb
_g . — Recorded in 2011 (3.5 TeV): 1.107 /fb
§ E Recorded in 2010 (3.5 TeV): 0.038 /fb
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INTRODUCTION

-

» 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

J

SQ g

<:If:‘:ﬁi

Orbital angular momentum
Angular momentum of the light quark

Total angular momentum of the heavy meson

J

LPNHE Seminar
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I
INTRODUCTION

3 L Orbital angular momentum
‘ $q Jq = L + Sq=u.a,s Angular momentum of the light quark
@ J = Jj,+509-b.. Total angular momentum of the heavy mesor

Parity P = (—1)%+!

Intrinsic parity of qq
Mesons
[ Natural spin-parity ] [Unnatural spin-parity ]
JP =0%,1-,2F,3=.....(-1)/ J =0-,11,2-,3t... (1)

LPNHE Seminar M. Pappagallo 13

o



I
NOMENCLATURE

[ Spectroscopy notation ] [ PDG notation ]

Radial quantum number Natural spin-parity

7
2S+1 * 0/+ * 0/+
\[\n, l';\J ] [D 4(m)?=or B J(n< ]
Sum of quark spins L=0,12...2>S,P,D Mass

LPNHE Seminar M. Pappagallo 14




r

EXCITED HEAVY MESONS

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

E.g. Orbitally L=1 excited B**>B®n

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

(r~100 MeV) ('~ 1+10 MeV)
\ ) \ )
Y Y
j a= 1/2 j a= 3/2
doublet doublet

LPNHE Seminar M. Pappagallo
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r

EXCITED HEAVY MESONS

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

E.g. Orbitally L=1 excited B**>B®n

VL > 0
1

Two j, doublets

!

4 states

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

(r~100 MeV) ('~ 1+10 MeV)
\ ) \ )
Y Y
j a= 1/2 j a= 3/2
doublet doublet
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I

EXCITED

HEAVY MESONS

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

~

JP —ot

Two Broad States
decaying in S-wave
(r'~100 MeV)

N )

Y
j a= 1/2
doublet

LPNHE Seminar

~ . .
~. Mixing _-~
\\ ,

E.g. Orbitally L=1 excited B**>B®n

L>0
—
=1 —6.67 :
L1 > I ]
s = 5 (D 6.4 [ ]
| S— L i
3/2 - \ i
/ 2 62 B B, (ZD)Bz,(ZD)BZ(ZD) ]
- BGS) B*(3S B*(2D) |
o Se =5 2 6F 5o50P) B, (2P) B,(2P) B,CP) .
i B*(2S) : B
FPo1t JF ot NN _
% B B * BB By* :
B, B, 5.6 “ -
Two Narrow States 54 ;;'.'_'.'_'.:'.'_'.'_'.:"_'.'_'.:'.'_'.'_'.:'.'_'.'_'.:'.'_'.'_'.:'.'_'.'_'.:'.'_'.'_'.:'.'_'.'_'.:'.'_'.'_'.:'.'_'.'_'.:_;
decaying in D-wave -TL —— ]
('~ 1+10 MeV) [ e O i
4 J 52—
doublet jq 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2

JEO T

o 11" 21 2 2 3

M. Pappagallo
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EXCITED HEAVY MESONS

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

E.g. Orbitally L=1 excited B**>B®n

L>0
- —_—
=1 — 6.6 1 AT
.1 % i § RRE:
55 = 5 ) 6.4 - %
e N |~
]q = 1/2 3/2 % 6 2 ‘_ A*(QD)B D) ] .g
~ . . C@ ) : B*(3S B*(2D \ =
> Mixing _-~ - BGs) P S
\\\v’// §C =SS 2 6 — Qu*(ZP)Bl’(ZP)Bl(ZP) B;(Z ) — Fg
I S B - o=
- z i J_
oot o1t JFo1t Jroo (7 %/J E
% 9 % B B * BB By* :
B, B’ B, B, 56 ' -
Two Broad States = Two Narrow States 54 ;;'.'_'.'_'_1'.'_'.'_'_1"_'.'_'_1'.'_'.'_'.1'.'_'.'_'.1'.'_'.'_'.1'.'_'.'_'.1'.'_f'_'.lf'_f'_'.l'.'_'.'_'.l'.'_'.'_'.l_; b
decaying in S-wave decaying in D-wave -TL —o— ]
(r'~100 MeV) ('~ 1+10 MeV) [ e O i
v ’ J v ’ J 522
25+1 3 3 3 3 3
jq =1/2 jq = 3/2 ° L, ]So S, ]PO P, ]P1 P, 1Dl D, lDz D,
doublet doublet jq 172 172 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
JPo 1 ot 1121 2 2 3
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EXCITED HEAVY MESONS

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

~

JP —ot

Two Broad States
decaying in S-wave
(r'~100 MeV)

N )

Y
j a= 1/2
doublet

LPNHE Seminar

~ . .
~. Mixing _-~
\\ ,

E.g. Orbitally L=1 excited B**>B®n

'
-

Two Narrow States
decaying in D-wave
('~ 1+10 MeV)

\ )

Y
j a= 3/2
doublet

L>0
— =
= 6.6 ]
o & ]
O 6.4 N ]
S L .
% 62 B B'*(ZD)BZ’(ZD)B D) ]
< - Bas) 2768 o BI2D)
=3 = 6F NS .
B 1 B, i ]
- ~ 2 BS* -
5.8 es °* % / -
: % By B, By :
5.6 .
5.4 :_ _________________________________________________________________ ___
- =
[ =t O ]
52—

2S+1LJ ]SO 3SI ]PO 3P1 ]P1
jq 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
J' o

ro 11212 2 3
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DECAYS OF EXCITED HEAVY MESONS

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

E.g. Orbitally L=1 excited B**>B®n

y.- N\
( je JY  Allowed decay mode )
B B*m
By 1/2 07 yes no
B, 1/2 1t no yes
By 3/2 1t no yes
\BE 3/2 2T yes yes )
4
JP=0t JP=1T JP=1t JP=27F The four states come in doublets and within each
B,* B’, B, B,* doublet :
v" 1 natural state (B,*) decaying to Bt and B*nr
Two Broad States = Two Narrow States v" 1 unnatural state (Bl) decaying to B*n
decaying in S-wave decaying in D-wave
(r'~100 MeV) ('~ 1+10 MeV)
| J 4 J (Only exception is the (0*,17) doublet above)
Y Y \_
Jq=1/2 Jq = 3/2
doublet doublet Similar scenario for the excited B ,**>B®K,

D**>D® g, D_#*>DOK
LPNHE Seminar M. Pappagallo 20
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DECAYS OF EXCITED HEAVY MESONS

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

~

JP —ot

Two Broad States
decaying in S-wave
(r'~100 MeV)

N )

Y
j a= 1/2
doublet

LPNHE Seminar

~ . .
~. Mixing _-~
\\ ,

E.g. Orbitally L=1 excited B**>B®n

L>0
—_—
=1 — 6.6 AT
1 > | NSNERE:
Ss = 9 (D 6.4 ~ . %
| S— - .
3/2 6.2 __ Bl*(ZD)R_’(’)T))& __ ..qé)
< i BGs) BGS (8 2 BraD) | ] E&
¥ §c — 5 2 6 :_ 5, %(2p) B,'(2P) B,(2P) : E
i = nll
JP — 1+ JP _ot 58 — B0 B'(ZSTV—% 7
ol i — B/’ ]
B, B, 5.6 “ -
i v
Two Narrow States 54 il'.'_'.'_'.l'.'_'.'_'.l"_'.'_'.1'.'_'.'_'.l'.'_'.'_'.l'.'_'.'_._'.'_'.'_'.l'.'_'.'_._.'_f'_'.lf'_'.'_'._v._'.'_'.; g;’t
decaying in D-wave -TL —— ]
('~ 1+10 MeV) [ == ]
\ J 52—
doublet jq 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
JFo 1 0 1121 2 203
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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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DOUBLETS IN EXCLUSIVE ANALYSES

r . . N
Exclusive analysis
B-2> Do o

[Belle: Phys.Rev.D69 (2004) 112002] y
(e.g) L=1, j,=3/2 doublet )
> 1 peakin D=
> 2 peaks in D*n
. y,

LPNHE Seminar

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
23




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

LPNHE Seminar M. Pappagallo 24
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DOUBLETS IN INCLUSIVE ANALYSES

( [ °
Inclusive analysis

pp 2> DO*m +X

[LHCb: JHEP 09 (2013) 145]

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

LPNHE Seminar

~
je JT  Allowed decay mode
Dm D*m
Dy 1 /2 0"  yes no
Dll 1/2 1+ no yes
Dy 3/2 1t no yes
D; 3/ 2 27 yes yes
J
M. Pappagallo 25
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DOUBLETS IN INCLUSIVE ANALYSES

(

Inclusive analysis

~\

' J  Allowed decay mode
*)+ - ]q
pp 2 D®*o +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? D; 3/2 2F o
8 > 2 peaks in D*n ) 2 phs ye
D,(2420)" i -
§ '(C)' \ o % Esoooo—&a) | :\l | %

< 30000 y = < | o s ]

A S NCITUNE S| /\(\ 15, Dradeo |

i I © N 1 s : N |

A - 2 \ / :

5 | ¢ E | 8 40000[ * -0 .

10000}~ ¢ ]

_ 20000} .

"o 2a0 260 ‘38|00' | 000 2200 2800 2600 2800
M(D*n)]pm') [MeV] M (Dn) P(D%) [MeV]

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

INTO D MASS SPECTRUM

4 . . )
Inclusive analysis
pp 2 DO +X je JY  Allowed decay mode
. [LHCb: JHEP 09 (2013) 145] ) Dr D
: D 1/2 07  yes no
c 3 eaksJ(ilr_lgIg?t doublet h Dy 172 1% o Ve
3 s Dy 3/2 1t no yes
Dy = Di Dy 3/2 2T yes es
. 2 y y
v' D; >D*r feed-down § ovprlapped if
v D,*>D*n feed-down | [*P7)
2" n leed-down D,(2420)° /D,*(2460)" feed-down
> 2 peaks in D*n I Ly D** -
\ —,—/ ~~~~ L>D+y‘7n0
_ - - > ~ ~ \
P “Phase space” plot S M= rO.VRRAREE
§3oooo} D’ - E S /\, L5 D,"(2460)° |
S g B 860000 ¢ N - .
i Y ] s f \j/ :
POL : Faoooo}-* .
0 4 L
10000 [~ ,: 20000 - _
0- 22100‘ ‘ ‘24100‘ ‘ ‘26100‘ k28100‘ A 19 T2 T2a 2z za 24 25 02000 22'00‘ 24‘00 | 26'00 28'06
M (I-)*n) ]D“'ﬂ?') [MeV] m(D* ) [GeV/c?] M(D TC) F)(D T) [MeV]

LPNHE Seminar
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EXCITED D(S) STATES

» The charmed excited states studied in inclusive analyses and into B decays
> The orbitally L=1 excited D™ states observed first

» Masses and properties well predicted by theory (before the states were observed)

j q= 1/2
doublet

jq = 3/2

doublet

jq = 3/2
doublet

LPNHE Seminar

A Y 4

{

D** (L=1)
/ Mass (MeV) Width (MeVN
D;(2400)° 2318 +£29 267 + 40
Dy (2400)* 2403 4 40 283 =+ 40
D1(2430)° 2427 £ 40 3847150
D1 (2430)* —
D,(2420)° 2421.4+0.6  27.4+25
D1(2420)T  2423.2+2.4 25 4 6
D3(2460)° 2462.6 £0.6  49.0+1.3
\ D3(2460)* 2464.3+1.6 3746 Y,
- 7
D ** (L=1)
4 Mass (MeV)  Width (MeV)\

D5 — —

Dy - —
D,1(2536)F  2535.10 £0.08  0.92 +0.05
D*(2573)*  2571.9+£0.8 1744 )

\: —

M. Pappagallo

o)
®)
e )

D)

~

N

D* and D,,” states
expected broad and to be
studied in B, decays...
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MNPuzzZLE:
EXCITED D, MESONS: L=1, j, = 1/2(?)

Inclusive studies of D . ®m®
[BaBar, PRL90, 242001][CLEO, PRD6S, 032002]

D‘k

\ D, *(2317)
g T LI
450 & } —
“o 400 ;—&i \ § i (a) Ds1(2460)
>350 3 ) 20" \
= 300 | 2
0 250 £ :**#H o | :
0200 F (U i 210k
g 150 | it i ¥ b %10‘
o 100 ;— ! i #“*ﬁm'rm*#‘ Lﬁ [
5g_blll (O e R I T T AT T B I B R B
2.1 2.2 2.3 2.4 2.5 100 200 300 400 500 600
M(D,x") M(D,y")-M(D,Y)
(C : \ Surprisingl
PDG Mass (MeV) Width (MeV) - p % y
(2317 2317.7£0.6 <38 _ narrow:
D,1(2460)*  2459.5 £ 0.6 <35
S /

LPNHE Seminar M. Pappagallo 29




NPuzzLE:

EXCITED D, MESONS: L

g3 )
DSO D sl

B
at

(I'~100 MeV)

Two Narrow
States
('~1 MeV)

=]_,

Jq =1/2(?)

/W\

}> T

M(Dsl)
M(DSZ*)
Jjq JT  Allowed decay mode
DO K+ D*OK+
Dy 1/2 17 no no
Dg 3/2 17 no yes
D% 3/ 2 2F yes yes

(1* > 0- 0- Forbidden) /

> D */D,/>D®K kinematically forbidden
» Isospin violation decays: D ,* D, ni® and D’,; >D.* i

LPNHE Seminar

M. Pappagallo

30




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: R.Chistov@ EPS-HEP, Stockholm, Sweden (18 July 2013)]

LPNHE Seminar M. Pappagallo
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r
SEARCH FOR “D.,*” IN B. DECAYS
0

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

< |
\
\
\
o

LPNHE Seminar M. Pappagallo 32
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SEARCH FOR “D,,*” IN B, DECAYS

Candidates / (7 MeV/c%)

3=} [Se]
8 wn
(=]
(=] (=]
LB L R
——————
.

Amplitude analysis of B, > DO K- *

QT

- B°» DK

T T T T T

I

Full fit
B! signal
Combinatorial bkg.

Bg - E.DK_K’
—{*)0

B’ > DM T

3 "™

NS FREEE FEEe |

saaly

N O et St S it

3600

5800
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[ No evidence for such a broad D ,* state ]

LPNHE Seminar

M. Pappagallo

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

Resonance Fit fraction (%)
K*(892)° 28.6 + 0.6
K*(1410)° 1.7£0.5
LASS nonresonant 13.7+2.5
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
D%, (2573)~ 25.7+0.7
% (2700)~ 1.6+0.4
Dz, (2860)~ 5.0+1.2
D%,(2860)~ 2.2+0.1
Nonresonant 124+ 2.7
Dz, 47+1.4
Dz, ,(2317)" 2.3+1.1
Bt 1.94+1.2
Total fit fraction 124.3
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rPUZZLE 11:

IS D,,(2536)" THE EXCITED L~=1, j,=3/2 STATE?

Angular analysis of D_(2536)*>D*K%% decay

NQ @ 1 I ] ] ]
> BELLE
=
= 400
S
[¥]
'E 200}
=
(43
0 PP 1. ad PR T T
2500 2510 2520 2530 2540 2550 2560
MDzKd - M(D ) + MPPED™)  MeV/c?
o.RrFry—————————1—
BELLE
0.06 | t
t : ¢ 4
i
0.04 } B
0.02}
0 . 0 m2 = ‘
-1 0 1 -1 0 1
coso. B cosy

LPNHE Seminar

[Belle: PRD77 (2008) 032001]

.
I

5 —0.7240.05 + 0.01

Ftotal )

Contrary of HQET expectations, the
S-wave contribution dominates!

o2
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Excited D**>D®x @ LHCb

LPNHE Seminar M. Pappagallo
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I
EXCITED D; STATES

[LHCb, JHEP 09 (2013) 145]

___D,*(3084) 4*

3000 D,*(2806) 3 - D,(3079) 3"
. . D,(2806) 2° D, (3074) 3"
/> The quark model predicts many excited) s 2325(2:70;&) 2 D,*(3074) 2
states in limited mass regions > I — Dp618) T D(2479) 2
. — B 2
> Ground and 1P states well established % 2500 Do(2556) 0 — Di24ed) .
» BaBar collaboration found 4 new states é D,*(2380) 0*

decaying to Dr and/or D*m1. Need to be

2000l=— D*(2023) T

confirmed. [PRDS2 (2010)111101] I )
\- / —D(1864) 0 [Godfrey&Isgur, PRD32 (1985) 189]
1S 2S 1D 1P 1F
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I
EXCITED D; STATES

[LHCb, JHEP 09 (2013) 145]

L>0
I 5 /s
) D,*(3084) 4
B D,*(2806) 3 D, (3079) 3
- - 3000 D,(2806) 2 D, (3074) 3"
The quark model predicts many excited) 325(2:;;&) 2 D,*(3074) 2
states in limited mass regions D618 DA T
. — B 2
Ground and 1P states well established D(2558) ;

| pi2aco) 1
o —D,(2419) 1
BaBar collaboration found 4 new states D;£(238()J) 0*

decaying to Dr and/or D*m1. Need to be

Mass (MeV)
\]
(&)
o
7

confirmed. [PRD82 (2010)111101 2000 D*(2023)
. ( ) ] / - pases o [Jodfrey&Isgur, PRD32 (1985) 189]
1S 2S5 1D 1P 1E
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I
D+, D% D** SAMPLES

[LHCb, JHEP 09 (2013) 145]

{Inclusive study of D*(2Kum)mr, D(2Kno)n" and D**r. Several millions of D’s in 1 fb'l]

X0

> -

21500 (@)

g [

8 1000

3 .

'g i

o S00f

0==1%00 1850 1900 1950
mK ') [MeV]
M(K-w*n?)

LPNHE Seminar

Candidates / (1.5 MeV)

x10° .

1500 ' ' 1
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i ] ]
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500 . : .

™ ) '

] ]

- ] 1
- ) ) B
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(K1) [MeV]
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Candidates / (0.15 MeV)

x10 . .
600 A
00 E E .
wf ; ]
0 [ 1 1 1
2005 2010 2015 2020
M (DO 7t+) D’r’) [MeV]
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r
D®a MASS SPECTRA

How to fit? How many resonances?

% - 1 I' 1
s [ (¢
< 30000 )
& RN :
220000 ;o .
5 : 'N . 4
/
10000} ;
0 i | | N N M | | "
2200 2400 2600 2800
M(D*n) ]D 1) [MeV]

80000

Candidates / (4 MeV)

40000

r

20000

60000 ¢

0-

[ » 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 sin23 for natural spin-parity

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

\

LPNHE Seminar

M. Pappagallo

_(a)
i /\' s %
- \ : b
\J
000 2200 2400 2600 2800
M(Dn) F(D*n‘) [MeV]
Natural Unnatural




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
S
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)

LPNHE Seminar M. Pappagallo 40




r
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 3 to verify

J

D, (2420)

D,*(2460)

Unnatural N atural
= 80000 = 25000
08:' LHCb qg: LHCb
~ ool @D (2420 % 20000F  (b) DA(2460)0
Z Z
= o
15000 |-
40000
10000 |-
20000 |- N
5000 /@

0

L L L
-1 -0.5 0 05 1

costy

L L L
-0.5 0 0.5

costy

LPNHE Seminar

~, 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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DOozt/D*n- MASS FITS

[LHCb, JHEP 09 (2013) 145]

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

\ .
aih -

| / -
4000

60000
< e 2000 m S I y
T - ’ <.40000 |-
40000 [— ., 3 | “_\
3 i S
2 - . E I
3 20000 |- o
© 20000 B S ’\“\ © - \"\.
0 ;___.4_‘ SO R 0 e L
2200 2400 2600 2800 3000 2200 2400 2600 2800 3000
m(D’w*) [MeV] m(D'’) [MeV]

2 more natural states:

D,*(3000)°, D,*(3000)*
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r

RESULTS

[LHCb, JHEP 09 (2013) 145]

Signifm

/

Final state Mass (MeV) Width (MeV) Yields x103

Dy (2420)0 D*tr— 2419.6 £0.1£ 0.7 35.2+04+0.9 210.2 £1.9+£ 0.7
D3(2460)° | D*+tr— | 2460.4 £0.4+ 1.2 | 43.2+£12+3.0 | 81.9+1.2+ 0.9
Di’}(2650)0 D*tn— 2649.2 £3.5+ 3.5 | 140.2 £17.1£ 18.6 50.7 £2.2 £ 2.3 24.5
D*(2760)° | D*+x~ | 2761.1 £5.1+£ 6.5 | 744 +£34+£37.0 | 144+£1.7+ 17 10.2
DJ(2580)0 D*tn— 2579.5 £3.4+ 5.5 | 177.5 £17.8£ 46.0 60.3 + 3.1 £ 34 18.8
DJ(2740)0 D*tr— 2737.0 £3.5+11.2 73.2 £13.4+ 25.0 77 £1.1+£1.2 7.2
D;(3000)° | D*+tx— | 2971.8 £8.7 188.1 +44.8 0.5+ 1.1 9.0
D§(2460)0 Dtr— 2460.4 +£0.1£ 0.1 45.6 204+ 1.1 675.0 9.0+ 1.3
Dj(2760)0 Dtr~ 2760.1 £1.1£ 3.7 74.4 +£3.4 £19.1 50.8 £1.3 £ 10.0 17.3
Dj(3000)0 Dtr— 3008.1 £4.0 110.5 £11.5 176 = 1.1 21.2
D5(2460)F | DPrnT | 2463.1 £0.2x 0.6 | 48.6 £1.3L 1.9 | 341.6 £22.0% 2.0
D?}(2760)+ DOrt 2771.7 £1.7£ 3.8 66.7 6.6 £10.5 201 2.2+ 1.0 18.8
D%(3000)* | DOx+ 3008.1(fixed) 110.5 (fixed) 7.6 £ 1.2 6.6 |

/

LPNHE Seminar

M. Pappagallo
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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*
= | pr(2796) T
2 — D ((2256518‘;) 8_ D,*(2479) 2*
@ ——Dp,2419) T
< D,*(2380) 0*
=
2000{=D*(2023) 1
- D(1864) 0"
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®n spectrum from B decays
needed to establish spin-parity
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Excited D **>DK @ LHCb
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I
EXCITED D,; STATES

[LHCb, JHEP 10 (2012) 151]

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

LHCb
(a)

Candidates / 5 MeV/c?

Candidates / 5 MeV/c?

D'K? invariant mass [GeV/c’]

i

Candlgates /5 MeV/c?

. 3

(=]
T
=

3
D’K" invariant mass [GeV/c?]

A

Candidates / 5 MeV/c?

(=]

3
D°K* invariant mass [GeV/c?]
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I
EXCITED D,; STATES

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

> LHCDb has performed a Dalitz Plot analysis of B, > D°Kmn ]
> D_;*(2860)" consist of (at least) 2 overlapping states JP=1- & 3-

') Resonance Fit fraction (%)

K*(892)° 28.6 £ 0.6
K*(1410)° 1.7+£0.5
LASS nonresonant 13.7+ 2.5
— : : : : P K}5(1430)° 20.0+£1.6
2 2 LASS total 214+14
> ¢ K3(1430)° 3.7+0.6
© 2 K*(1680)° 0.5+ 0.4
N = K3(1950)° 0.3+0.2
< 2 Dz,(2573)" 25.7+0.7
T e D%, (2700)~ 1.6+ 0.4
5 = (2860)~ 5.0+ 1.2
¢ D*,(2860)" 2.240.1
— N— e Tr— Nonresonant 124+ 2.7
275 28 285 29 295 3 Dy, 4.7+14
mz(l_)OK_) [GCV2/C4] m(D K ) [GeV/c"] D:0u(2317)_ 23+1.1
B 1.9+1.2
Total fit fraction 124.3
Resonance  Mass (MeV/¢?)  Width (MeV/c?)
D:,(2573)- 2568.39 £0.29 16.9 £0.5
D7, (2860) 2859 + 12 159 =23
D?,(2860)"  2860.5 + 2.6 53+ 7
LPNHE Seminar M. Pappagallo 48
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Excited B**>Bxr @ LHCDb
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THE EXCITED B STATES

—6.6
>
. . O 6.4 N
» LEP experiments observed a single broad structure (' > |=~ [
100 MeV) in B*r: B;*(5732) 2620
2 i
- B(3S)
S o
S 800 :_(a);#ﬁ.»'#é. t Data i:
> F ?ﬂ.é JL MC Background 5.6
7o Y ¢ -
T 600 ¢ 54F
& 14 e
400 |- [ b
5 : 5.2
200
— do Ly TR BTSN T JP 0
54 56 58 6 62 64 6.6

B**

B *(2D
e )Bz‘(ZD,

B,(2D)

B*(3S)

B*(2D

B,(2P)

B,*(2P) B (2P) B (2P)

llllllllllllllllllllll

B*(2S) //é /
B/ B, By*
B,*
B:k

llll

Bnt Mass [GeV]
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[
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r
THE EXCITED B STATES

5.8F e & %/

—6.6
> i B** ]
. | B 6.4F :
» LEP experiments observed a single broad structure (' > |=~ [ ]
100 MeV) j.n B+7‘T_: BJ*(5732) o % 6.2:_ B'*QD)BZ‘(ZD,B N _:
» Tevatron experiments resolved it into 2 structures and < F S 208 A
interpreted the former as the overlap of B,%B,*>B**n > 6 B 100 B B:P) -

o~ E : B, B,
- Data L f 3
_'[:o:al Fit > 2500 DO, L=1.3 b 5.6 B ?
= B{— B = r B
—BY—>Br e C e -|B*w
. B s B T 200 P U U PP
BV B 54F 1
Background| d>) 150} - T i
w - Z.Z'B i
1 : 1°°;+ 52s21 3 3 3 3 3
C + 1 1 1 1 1
% H é 50 N LJ SO Sl PO Pl Pl P2 Dl D2 D2 D3
, % 2 : ' \\ jq 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
05 ——"%b0 45 600" 82702503 055 04 B - MeB) (GovIc) JPo 1T ot 1t 1r 21 2 2 3

Q = m(Bm) - m(B) - m, (MeV/c?)
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THE EXCITED B STATES

— 6.6
> i B**
< , , O\ O 64F .
» LEP experiments observed a single broad structure (I > | == C
100 MeV) in B BJ*(5732) % 62:_ Bl*(2D)BZ,(2D’B S _:
» Tevatron experiments resolved it into 2 structures and < F Gs) B0 i) ]
interpreted the former as the overlap of B,%B,*>B**n > 6 o 3,00 820 500 7 -
» LHCb reported the first observation of the charged B;* and B,** - B > 4
[LHCb-CONF-2011-053] 5.8 #es % / ]
( CDF reported the evidence of a broad state: B(5970)%* . A ]
5.6 N . n
. 54 i:_'.'_'.'_'.'_'.'_'.:'.'_'.'_'.'_'.'_'.'_'.:'.'_'.'_'.'_'.'_'.:'.:'.'_'.'_'.'_'.'_'.:'.:'.'_'.'_'.'_'.'_'.:'.:'.'_'.'_'.'_'.%
Mass (MeV)  Width (MeV) N ]
5 T30 52—
B(5970)+ 5978 £5 £ 12 70-7—%8 + 30 54y, 1, %, 'p, P, 'p, *P, 'D, D, 'D, D,
B(5970)" 5961 £5+12 6075, £+ 40 J U2 12 12 12 302 302 302 312 512 512

JEo 1T 0" 1t 121 2 2 3

In previous analyses, fit models made use of several external inputs:
m(B*)-m(B) (exp.), Br(B,*=>B*n)/Br(B,*=>Bn) (theor.), (B,)/T(B,*) (theor.)

LPNHE Seminar M. Pappagallo 52

:B*n

Brn




rINCLUSIVE STUDY OF LIEI
THE B*nm AND Bt MASS SPECTRA

[LHCB-PAPER-2014-067; arXiv:1502.02638]

/ Analysis strategy \

» 2011+2012 data sample corresponding to £ = 3.0 fb-!

» Selection of a high purity B* and B® samples

» The B* (BY candidates combined with n(n*) originating from the
Interaction point

» Analysis carried out by fitting the Q distributions:

\_ Q = m(Br)-m(B)-m(x) Y,

)

—
B(*'o% »
B decay products

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Primary Vertex !
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B0+ CANDIDATES
[LHCB-PAPER-2014-067; arXiv:1502.02638]

[ » Purity of B samples > 80% ]

> ~2.5M of B* candidates and 1.2M of B? candidates in 3.0 fb!

( Bt > ﬁo H+(H_H+) Bt > J/w K+
3 2Kt (o)
120;— ‘(a) 250
100~ LHCb 200

Candidates / (4 MeV )
Candidates / (4 MeV )
g

J/QY/DY%D- masses i msser 80 ’
constrained to their
known values to improve
signal resolutions

B? 2> D o (o)
>Knotot

—~80000F T T T T3 ~90000FF
B 70000 (©) 3 % 80000 F-
= E 942 E
< 60000 - LHCb = 370000 E
g E 3 Ze0000 £
¢ 50000 £ ™ E
] = 3 250000
© £ g ®© E
3 40000 | om0

30000 | 3 E
L § g

20000 £ = © 20000

10000 jgepeeses®e™ < 10000 -

Epoeps) 9
=520 0

Mp: (230 [MeV]
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SPECTRUM OF m(Bn)-m(B)-m(n) MASS DIFFERENCES

[LHCB-PAPER-2014-067; arXiv:1502.02638]

)

" » Two narrow peaks are seen in both B*n and B%" spectra interpreted as the decays of )
B,(56721)>B*r and B,*(5747)>B"x

» An excess of RS over WS combinations around Q ~ 500 MeV. Particularly prominent when
pr of companion pion > 2 GeV

» Furthermore a comparison with the WS shows a very broad excess of RS lying under the

\_ resonances (Associated Production) .
Emooof E LHCDb
© 14000 F ® Companion p_> 2 GeV
7] F ]
Btw e
B 10000 g
8000 |- =
N\ NN NN 3,\ N \ N \\\\\\.\\\ i
200 400 600 800 . 1000 1200 1400 200 400 eoo soo 1000 1200 1400
m(B*n)-m(B*)-m(n) [MeV] m(B*n)-m(B*)-m(n) [MeV]
3 3 200F LHCb
= s E
® o E Companion p_> 2 GeV
3 @ e
0.+ 5 §
B 2 3 1w
c c =
? \\\\ \ ' memﬂ

1000 1200 1400
m(B T ) m(B°)-m(z*) [MeV]

WS
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SPECTRUM OF m(Bn)-m(B)-m(sw) MASS DIFFERENCES

LHC
A

[LHCB-PAPER-2014-067; arXiv:1502.02638]
» Normalized WS subtracted Q value spectra
» Compatibility of the observed 31gnals in all decay modes
E 0.08 ;— § LHCb oB* - D°(2h) n* —;
S  0.06 0 B* - D°(4h) n* _7]
E, - +$ ¢$ B*>Dn*n n*
+ o ,3 004 - $ g % eB" - J/yK”* =
B*n ‘;é, 0.02 - $ ? % —
g' 0.00 M ? *‘ R A iSe%es ‘
2 -0.02 :_. PR R S S S RS S S RN S S SR S S SR R S S S R S S S E S ._:
0 200 200 600 800 1000 1200 1400 1600
m(B*n)-m(B*)-m(x’) [MeV]
—~ 010 L L — T T T ]
E 0.08 i LHCb OB' 5Dt o
g ooc o
> 004 *B ody =
BOn* 2 002 ¢ ¢% W% E
5 ooob WM i gig iy Cg# MY
S oo M ﬁ’féﬁ W@@t@
5 -0.02
=z C . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600
m(B°z*)-m(B°)-m(x’) [MeV]
LPNHE Seminar M. Pappagallo 56



FiT MODEL \

[LHCB-PAPER-2014-067; arXiv:1502.02638]

{ Empirical Model = Minimal choice ]

Associated Production __

(Broad resonances SR S 2200 E—
+ =\2000F-
correlated nonresonant o 1 3 =
production of B and nin the — Q:.

fragmentation chain) ?) 1600 .
£ 1400F-
2 1200F-
“ 1000F

feed-down 600 ;_ )
400F- background (i.e. WS)

200

0 A A50 000 7500
Qg (MeV)
B, (5747)>B*n
feed-down
Broad structures B;(5840) and B;(5960)
B, (56747)>Bn

Alternative fit models (2 Quark Model) consider the two broad states belonging t
the same doublet. Then an extra fit function is added for the B;2> B*xn feed-down
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FIT MODEL

[LHCB-PAPER-2014-067; arXiv:1502.02638]

Fit function Constraints

Combinatorial Linear combination of spline From
Background polynomials (event mixing as

Binned y?2 fit for B*n- and B%" (Bin size = 1 MeV)
» Data samples split in 3 companion py bins [0.5<p;<1 GeV; 1<p <2 GeV, p>2 GeV]
> Fitting steps:
v' Fit the WS shapes
v' Simultaneous fit by fixing the combinatorial background from WS and the AP
from simulation + broad RBW shape (varied appropriately for systematics)
> Signals parameters (masses and widths) shared between companion py bins
\> No theoretical constraints /
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NOMINAL FIT RESULTS BY P BIN G

[LHCB-PAPER-2014-067; arXiv:1502.02638]

0.5 <pp<1GeV 1<pr<2GeV pr> 2 GeV

14000 Bl B (5721) > B'n = F W B (5721) > B'1 B Bl B (5721) > B'n 3
By —/ 5}(5747)Zﬁ B(B*y)n" ] By © LHCb —/ 52(5747):ﬂ B'(B*y)n" ] s — 31(5747)Zﬁ B'(B"y)r" E
© 12000 [ B;(5747)°> B*n — @ 5000 — [ B,(5747)°- B*n — () [ B,(5747)°> B*1" —
= I B (5960)°— B'x" 7 = £ I B,(590)' B’ 3] = [ B,(5960)°> B’ E
40000 I B (5840)°— B*m" . ] C I B (5840)°— B*n" ] © [ B(5840)°— B*n —
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- 81(5721)0—)8 (B ’Y)It = B:(5840)‘_) Bon+

* 0 3+ -
] 83(5747) o_> B+ (_B Tin [ Associated Production
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I

NOMINAL FIT RESULTS

[LHCB-PAPER-2014-067; arXiv:1502.02638]

20000 I B (5721)°> B'n’
< [ B}(5747)°— B'(B*y)n"
= 18000 5man, +( )
[} [ B(5747)">B*n

Pull

LPNHE Seminar
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| |

Candidates integrated over the 3 p; bins

Brn

I B J(5960)"—> B*n”

I B (5840)°— B*n’

[ Associated Production
[] Combinatorial

]
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(] By(5747)°> B™*(B*y)n’
[ B (5747)°— B

Candidates / ( 8 MeV)

Pull

M. Pappagallo

o
(=3
(=1
o

4000

3000

n
(=1
o
o

1000 —

BOor*

I B (5721)'—>B’*

[ B(5747)*— B'(B%)n*
[ B(5747)*> B’x*

I B (5960)"— B'r*

I B (5840)'— B’z*

I Associated Production
[] Combinatorial

LHCb

Abonvaso

800 600 1000 1100 1200 1300 1400

m(B°x*)-m(B°)-m(x") [MeV]

I B,(5960)*— B'x*

I B (5840)‘— Bx*

[ Associated Production
[ ] Combinatorial

60

)




I'FINAL RESULTS: LE
B,(5721)%* AND B,*(5747)%"

[LHCB-PAPER-2014-067; arXiv:1502.02638]

[ Q values converted into absolute masses by adding the known B, 7 and B*-B masses ]

stat. syst. B mass B*-B mass
(Mg e = 57217 + 07 £ 14 £ 017 + 04 MeV)
mpssrany = 5739.44 £+ 037 + 033 & 017 MeV |
mp, o+ = 57251 + 18 £ 31 + 017 + 04 MeV,
mpsrans = 573720 + 072 £ 040 + 017 MeV |
Tp e = 301 + 15 £ 35 MeV |
Tasrame = 245 £ 10 £ 15 MeV |
Dot = 201 £ 36 £ 43 MeV |
— 236 4+ 20 =+

QB;(5747)+ 2.1 Mey

[ Most precise measurements of the B;(5721) and B,*(5747) masses and widths ]

B(BI(STAT)’ > B'n7) (00 & 14 + 030

8(35(5747)£—>B+07T;) - ' o First evidence of the
B(BIGTA® - BOmY) 10 4 05 + o0s | BGTADIB*r (3.70)!
B (B3 (5747)% — BoxT)
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I FINAL RESULTS: LH
B;(5840)%* AND B;(5960)°* O

[LHCB-PAPER-2014-067; arXiv:1502.02638]

The properties of the B;(5960)%* states are consistent with and more precise than
those obtained by the CDF collaboration when assuming decay only to Bm

—6.61 1 —6.61 .
% 6 4 :Quark Model: B 1(5840)0’+ natural § § § ] % I Quark Model: B 1(5960)0'+ natural § § FS ]
O 041 = ] . ]
— B 1 1
% 62 :_ %%3%5%’: S B'*(ZD\B;(zD)B D) & ] AN B'*(ZD\BZ'(ZD)B D) ]
ﬁ [ oo’ 2! % 7] c@ oo d ’; 2 “0D)
2 6 = KeiEAiatr =|B,(5960) 2 6k ‘%B 'O) B2R) B2 2P) 7 —_31(5960)
L i I R o
B, (5840) N N B . B, (5840)
5.8 7 ] s8ESNre P A E
5 6: BZ* B, By* ] 5 6: - B B, B ]
54 f_:::::::::::::::::::::::::::::::::::::::g;ﬂ 54 5_::::::::::::::::::::::::::::::::::::::::;2;“
C - ] C - ]
5207 ' 5oL '
2§+1L i 35 'p 3p lp 3p. Ip *p.D. D 2§+1L g 35 1p 3p lp 3p. Ip *p. Ip. p
J 0 1 0 1 1 2 1 2 2 3 J 0 1 0 1 1 2 1 2 2 3
i 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2 j o122 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
Jyq q
JPo 1 ot 1 rr 21 2 2 3 JPo r ot 1t 21 2 2 3

If the B;(5840)%* and B,;(5960)%* states are considered under the quark model
hypothesis, their properties are consistent with those expected for the B(2S) and B*(2S)
radially excited states
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I SIGNIFICANCE DETERMINATION: L J
B,(5840)%* AND B,(5960)°-*

[LHCB-PAPER-2014-067; arXiv:1502.02638]

[Lack of knowledge of the AP shape = Large systematic uncertainty on the yields

!

[ Are B;(5840) and B;(5960) an artefact of the non-resonant AP? ]

~

» Generation of pseudoexperiments without any high mass states included
» Fitting with and without an additional high mass state
» Comparing the y? difference to that obtained from the corresponding fits to data
» Generation of pseudoexperiments with a single mass state to investigate the
significance of a 2" state
N Y

B*n-: 9.60 for at least one resonance, 7.50 for two
BOtt: 4.80 for at least one resonance, 4.60 for two

Consistent with the interpretation of 4 states given the expected isospin symmetry
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Excited B,**>BK @ LHCb
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rEXPERIMENTAL STATUS:
B.,(56830)° AND B,,*(5840)°

» Two narrow peaks observed in the B*K- by CDF
> B,," is the only narrow state expected. What is the
nature of the second signal?

jq JT  Allowed decay mode
B*K~ B*TK-
o 1/2 07 yes no
L1201t no yes
le 3/2 1+ 1o
5 3/2 2T yes /' yes

/

PRL 100, 082001 (2008)

S
[=)

w
o

—
o

uh

Igs1

@

Candidates per 1.25 MeV/c?

olE

50

1 I 1 1 1 1 I 1 1 1 1
100 150 200

m(BK)-m(B")-M, . [MeV/c®]

» It is interpreted as a feed-down of the B,;2>B**K" decay followed by B** >B"y,

where the photon is not observed
» Swapping the identification would lead to a large mass splitting of the j=3/2 doublet
> The B,, state 1s not confirmed by DO

LPNHE Seminar

M. Pappagallo
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r

SEARCH FOR B,; AND B,,” AT LHCb

LHC{%
ACH

-~

>
>

o

Analysis strategy

2011 data sample corresponding to £L = 1.0 fb-!
Selection of a high purity BT sample

» The B" candidates are combined with a track of

opposite charge that is identified as a kaon

» Optimization of the B,; and B,* in the B'K- mass

spectrum

~

/

LPNHE Seminar M. Pappagallo
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I
B* CANDIDATES

» B* samples with purity ~85% - 95%
» ~1M of B* candidates

7

B> JIUK Bt > D0 ot Bt > Dot Bt > D'o'onot
L > Ko > Ktooot > Ko
) 1< s000F L 3500 ¥
> (a) LHCb 1% - (b) LHCb 33 3000F (©) LHCb 313
= = 5000F = E >
- 1= r — 2500 -
P o 4000 @ 2000F P
3 18 3 8 g 3
3 5 3000 3 1500F kS
g 1§ 2000 € 1000 g
O (@) r (@] O
1000¢ 500k .
5200 5250 5300 5350 o 0° 0

5200 5250 5300 5350 5200 5250 5300 5350 5200 5250 5300 5350
m(JAp(u')KY) [MeV/c?] m(D(K*)n*) [MeV/c?] m(D°(K 't )m*) [MeV/c?] m(D°(K* )t nt) [MeV/c?]

/> B* candidates, within a +20 mass region, combined with K- R
» The B*K- candidates are refitted:

v' Primary vertex constraint (i.e. B* and K- are forced to

come from the primary vertex)
\_ v' B* and J/P (DY) mass constraint

J
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r

SPECTRUM OF M(BK)-M(B)-M(K) MASS DIFFERENCE

~ 1000 s , , , , , , ——
§ _ LHCb .
o 3800 ]
p - * :
: 600 _—le—>B +K_ :
§ a00f ]
- - ‘ ¥ 4 5 10 15 20 25 30 35-
s - . .

s 200 29 ' ‘.
8 l‘l‘m#ﬁ M

Pull

0 20 40 60 80 100 120 *140 160 180 200
m(B'K") - m(B") - m(K") [MeV/c?]
4 : . )
» The two narrow peaks corresponding to the By;>B™*K- and
B,,*2>B*K" signals are observed
» A new smaller structure seen around 20 MeV
» No peaking structures in the B'K* combinations
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I

SPECTRUM OF M(BK)-M(B)-M(K) MASS DIFFERENCE

se space”

JP

e cz.gn
8

Allowed decay mode
B*T K~

Jq
BY, 1/2
B, 1/2
Ba  3/2
B*, 3/2

0t
1t
1t
2+

My

The B,,*> B™K- decay could manifest itself in
the B'K- mass spectrum in a similar fashion to
the corresponding B_; meson decay

L1 \;O
m(B* K') - m(B*) - m(K)[MeV/c?]

-

-

v' Likely (B,

v" Distance between the two peaks returns m(B**)-m(B*) (without detecting the
photon - smaller systematic uncertainty)

v B,* >BK and B_,*>B*K >B_,* is a natural state. J¥ = 2* favored

B,,*) belong to the L=1 j,=3/2 doublet

LPNHE Seminar
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r
FIT RESULTS

Parameter Fit result Best previous measurement
m(Bs1) —m(B*T) —m(K~) 10.46 & 0.045;0¢ & 0.045,: MeV/c* 10.73+0.214+0.14 MeV/c?
m(BZy) — m(Bt) —m(K~) 67.06+0.0550: +0.115,5: MeV/c* 66.96+0.39+0.14 MeV/c?

m(B*T)— m(B™T) 45.01 £ 0.3054q¢ & 0.235,¢ MeV /c? 45.6 + 0.8 MeV /c?
['(B%) 1.56 £ 0.135¢a¢ £0.475y5¢ MeV/c?
B(B? B*tK
IR (9.3 £ 1.3 syar 12450 %

o(pp—Bs1 X)B(Bs1—B*TK™)
((pp—)B 2 X)B(BX—BTK—)

(23.2 +£1.4 o0+ 1.350) %

(> Confirmation of the B, state h
» Most precise measurement of the B_,, B,,* and B* masses

» First observation of the B_,*>B™K- decay (Significance = 8.0)

\> First measurement of the B_,* natural width y
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FCOMPARISON WITH TH
THEORETICAL PREDICTIONS 3

Tpx, = 1.56 & 0.134tat & 0.47.yst MeV A
B(B!, - B*TK™)
B(Bj, = BYK")

— (9.3 + 1.35t4t 1°28y8t)%

" J
4 Table 1: The strong decay widths of B, and B, in units of MeV. )
Mode PLB706(2012)389 | PRD43(1991)1679 | PRD79(2009)074020 | PRD86(2012)054024 | PRD78(2008)014029
Bgy — B*K | 0.041 £0.011 — 0.098 0.016 £ 0.002 04~1
BY — BK 1.55 £ 0.43 2.6 (1.9) 4.6 — 2
B, — B*K | 0.148 +0.084 0.07 (0.05) 0.4 — 0.12
\ B, 0.9+0.1 )
/|

[ B(B%, — B**K~)

= 0.070 = 0.005
B(BY, — BtK~) ]
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r THE B™ MASS MEASUREMENT
AND THE Z*’S

> Observation of charged bottomonium-like 7, (10610)" and
Z,(10650)" (Belle collaboration, PRL 108 (2012) 122001)
> BB* andB*B* molecules? (A. Bondar et al., PRD84 (2011) 054010)

o~
k3) “—rD>
BELLE

e

Events/10_l!1
8888

o

_ql
—'
——
-
'_l-—i—li
'_I_-'—a
E —
L o S—
—3—H
- Es-zf—a
T
o

-20001 T
104 105 106 107 104 105 106 107
M,,..(T), GeVic® M, (m), GeVic®

Using the B*™ mass measured in this analysis, we compute that the Z,(10610)"
and Z;,(10650) " masses are 3.69 £ 2.05 MeV /c® and 3.68 & 1.71 MeV/c* above
the BB* and B*B* thresholds respectively
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PROSPECTS: EXCITED D(S) MESONS

4 )
Proliferation of excited charmed states observed in
inclusive analyses. Determination of spin parity by

8 amplitude analyses of B decays

Ciom
— W’ - - a
B b - c D,
® sud sfud >
4 )
v' B >Dnn
v B.>DKn
\_ J
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PROSPECTS: NATURE OF D,,*(2317) AND D,,(2460)

(" » Search for new decay modes (likely some D.,(2460) decay modes are )
missing)
» Measurements of branching ratios in B, decays (same suppression
\ observed in B decays?) )

v B2>D, o’ o*
v B.>D,yo"

[ Measurements of the D_,*/D,,” production relative to D * (2112) ]

DS] (2400) Entries = 6857

Ds*(ZIIZLOOE Mean 2393
— | il
Gl oo 8
Ush.oi1cral.

o e e b e b e 1y
2300 2400 2500 2600

[If the D_,*/D,,” are tetraquarks, the production should be highly suppressed ]
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r

PROSPECT: SEARCH FOR B,,* AND B,,’

The D_,*(2317) and D_,(2460) should have “flavour partners”:
B.,* and B,," . Same surprising low masses as D_,* and D_,”?

L — 8Bedicte
[ o Observ —
.8 | e new?y <ﬁscovered
- S D., jq JT  Allowed decay mode
v 26 |- Du o BtTK~- B*TK~
o i — 0K
& — o B 1/2 07 yes no
g 24 —D. DK B, 1/2 1t no yes
N Ba  3/2 1t no yes
Tt I B, 3/2 27 yes yes
b2
[ l | L L L
o 1~ ot 1* 2¢ 3

[ Broad structures are observed n Bn. BK? BOKOS?]
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I

PROSPECT: EXCITED B,

(> B. is the only meson is SM formed by\

two different heavy flavour quarks

the BD threshold

» Many excited states predicted below

> B > B, + X where X =y, T*117, ... )

.

" Recently ATLAS found a peak in the B, mtm

mass spectrum identified as B, (25)

20

70F

T T
E +ATLAS

20F My = 6282+ 8 MeV
E N, =100+23
10F =49+ 12 MeV

T
18- ATLAS

Events / 40 MeV
[+
=3
Events / 20 MeV
>

T h
+5Me “V‘

ne»r-=»

7600 E572,7388 7565 7571 756
: 7455 T475 7487 7563
7472 7365 7376 7380 ]
7250 7272 7312 7269 7276 7271]
e e—— ———
S\ 7200 B 100 7150 IO 7266
[} I 7145 7028 7041 7(% threshold ]
2 .(3‘455 6887 7036 i
6 —_ 6768
» 0800 F 6706 S130. ]
2 —_— 741
6400 B o335 B_ Mass Spectrum ]
627 | w— ‘ 1
:Bc 1
6000

's, ’s, 'p, P, 'P, D, D, D,F, F, °F,
Phys.Rev.D70, 054017

M = 6842 +4 +5 MeV
I' << resolution

1 L 1 L 1 It
5800 6000 6200 B400 6600  6BOO
my, - [MeV]

1 L f 1
300 400 500 BOO 7

m(B_nx)-m(B_)-2m(=) [MeV]

Events / 40 MeV
Iy
=3
Events / 20 MeV

60F m, =6277:6Mev
40F Ny =227+25
c =50=8 MeV

5800 6000 6200 6400 6600 6800
my,  [Mev]

T T T
Q.. =288+5MeV

\_

4 )
» Large relative yield N(B.(2S))/N(B,)
» What about the the B *(25)> B *nin?

(0(B.*(25))/ 0(B(25))=3)

J

m(B zx)-m(B,)-2m(=) [MeV)

[ATLAS, arXiv:1407.1032]
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r
PROSPECT: & . SPECTROSCOPY

[ [ [1]

mo
>

> e Beedites — S f
- [ & Rewly discovered ©34F § ;
Al T =33F \ . -~
- o N e
v 26 | o 2EIN N R E
L N P e E i
- N NN 1~
82.4 i ° D," DOK 3;_:9:0(§S:):::::::::::::::::::::?:
22 | DL D 29F E
_ - 2.8 =
. D, )
2 o 27 EEA - -
[ 1 | | L L 265 -
o- 1~ o 1+ 2 3 “LSSPPPPPDDDDDD
S j,0 101122112233
gp1r 31 1" 3 3 5 1% 3+ 3 50 50
2222222222222
[ Some surprising low mass Q_** states? ]
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r

LHCD
- L)

SUMMARY ARGH

K LHCDb is very active into studying excited heavy mesons \
» Inclusively: New states, new decay modes
> Exclusively: New states, determination of quantum numbers
> Properties of B,; and B_,* states well predicted (as it was for D_; and D_,*)
> Further studies of B ** states from decays are unlikely until we collect a
large sample of B_'s
> Search for the missing B_,* and B’ states. Same surprising low masses as
D,* and D?
> Investigation of the nature of D ,* and D, states: production studies,
search for new decays modes, measurements of BR’s from B, decays...
» Decays with neutral as decay products could be investigated /

v' Spectroscopy will play a more important role in the
near future

v' RUN I data not fully exploited so far. Many systems
still unexplored...

v ...and RUN II is ahead (expected 5-10 fb-1)
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SELECTION OF THE Bnr CANDIDATES \

[LHCB-PAPER-2014-067; arXiv:1502.02638]

/> B*(B) candidates, within a £25(50) MeV mass region, combined with n'(n%
» The wrong sign (WS) combinations B*n* and B° n- are also selected for
background studies
> B*n candidates refitted with
v' Primary vertex constraint (i.e. B and = are forced to originate from the
primary vertex)

k v Bt and J/Q/D%D- mass constraints /

/ » Selection tuning of companion pions: \
v' pr> 0.5 GeV (suppression of combinatorial background)
v' PID requirements (suppression of misidentified decays: e.g. B,**
- BK where K2 1)
v' Small IP relative to the PV associated to the B candidates
» Selection tuning of the B candidates:

v B decay time < 0.2 ps (suppression of peaking signals in the WS
\ due to the oscillations of the B?s) /
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r
SYSTEMATICS UNCERTAINTIES

[LHCB-PAPER-2014-067; arXiv:1502.02638]

LHC
A

Source (u and I in MeV) B1(5721)° B3 (5747)° B ;(5840)° B ;(5960)°
14 r BF ratio 14 r L r 14 r
Total statistical 0.72 1.52 0.14 0.37 1.01 495 16.70 288 7.71
Fit range (high) 0.33 1.30 0.06 0.08 0.37 2.20 2.90 0.52 0.26
Fit range (low) 0.04 0.11 0.01 0.02 039 0.04 822 0.69 2.83
2 MeV bins 0.02 0.14 0.00 0.04 0.07 1.09 050 0.08 1.00
Spline knots 0.11 0.01 0.02 0.02 0.26 1.75 0.04 045 1.44
Float AP 0.03 0.00 0.00 0.03 0.30 1.58 10.16 0.73 4.23

B3 (5747)Y rel. eff., low pr 0.56 0.91 0.15 0.08 0.16 0.07 0.23 0.00 0.18
B3(5747)° rel. eff., mid pr 0.64 1.01 0.05 0.09 0.18 0.08 0.26 0.00 0.16
B3 (5747)Y rel. eff., high pr  0.20 0.37 0.03 0.02 0.07r 0.02 0.00 0.01 0.09
Eff. variation with @) value  0.13 0.33 0.02 0.04 0.07 045 246 0.19 0.70
Data-simulation reweighting 0.07 0.38 0.02 0.00 0.16 1.81 203 049 0.12

B pr cut 0.02 0.20 0.01 0.24 0.72 398 3.67 1.30 4.29
pr binning 0.90 2.45 0.24 0.06 0.39 149 2777 4.20 1.47
Fit bias 0.06 0.17 0.01 0.00 0.16 0.45 534 040 2.24
Spin 0.02 0.06 0.01 0.06 046 195 3.32 0.62 3.74
Effective radius 0.33 1.44 0.02 0.12 0.76 2.17 9.68 1.24 3.81
B* — B mass 0.10 0.11 0.03 0.02 0.11 0.04 0.17 0.00 0.09
B;(5840)° JF 0.01 0.04 0.00 0.01 0.01 — — 1.67 0.76
B;(5960)° J¥ 0.01  0.20 0.00 0.00 0.16 0.18 8.00 — —
Extra state 0.00 0.26 0.00 0.04 034 1.67 099 0.12 2.08
Total systematic 1.36  3.49 0.30 0.33 148 6.68 34.24 5.10 941
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r
SYSTEMATICS

y-

[ Source Q(Bs1) Q(BY,) m(B*Y)—m(Bt) T(BX) RBs2 oBs/BiRBa/Bs;
(MeV/c?) (MeV/c?) (MeV /c?) (MeV/c?) (%) (%)
Fit model 0.00 0.02 0.03 0.01 0.2 0.5
BT decay mode 0.01 0.01 0.02 0.01 0.1 0.1
Selection 0.03 0.02 0.19 0.05 1.1 0.6
BT signal region 0.01 0.03 0.11 0.07 0.2 0.4
Mass resolution 0.00 0.01 0.02 0.46 0.2 0.9
Momentum scale 0.02 0.10 0.03 - - -
Efficiency ratios - - - - 0.2 0.2
Missing photon 0.01 - 0.01 - - -
\ Total 0.04 0.11 0.23 0.47 1.2 1.3 /
N /
(& Variation of selection criteria )

<> Narrower B* signal region (+10)
<> Detector resolution varied by + 20%
< Momentum scale calibration: £0.15%
< Relative selection efficiency
\<> Mass shifts due to the missing photon Y.
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