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I
INTRODUCTION

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

» Precise measurements of the excited heavy meson properties are a
\_ sensitive test of the validity of HQET

heavy mesons D and B, by a perturbative expansion of Aqcp/mg ~ 0

J

SQ g

<:If:‘:ﬁi

i L Orbital angular momentum A
Jq =L + 84=u.a,s Angular momentum of the light quark
N J= jq + Sg=b.. Total angular momentum of the heavy meson y
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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

s N\
( je JY  Allowed decay mode )
Br B*m
o 1/2 07 yes no
B, 1/2 1T no yes
B; 3/2 1t no yes
B 3/2 2%  yes yes /

< 4

-

he four states come in doublets and within each doublet

T
v" 1 natural state (B,*) decaying to B and B*n

Two Broad States  Two Narrow States v" 1 unnatural state (B,) decaying to B*n
decaying in S-wave decaying in D-wave
~100 MeV N~ 1+10 MeV . .
: ( ev) - \( ) 4 \ (Only exception is the (0*,1%) doublet above)
\ ¥
Jq=1/2 Jq = 3/2
doublet doublet Similar scenario for the excited B j**>B®K,

D**>D® x, D **>D®K
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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 -,y > 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 [GeV/c]] m [GeV/c] m [GeV/c] Re(T)
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MNPuzzZLE:
EXCITED D, MESONS: L=1, j, = 1/2(?)

» Before 2003, HQET theories succeeded to predict masses and properties of
the orbitally excited D, states

> But the (expected) broad D_,* and D_,” states were still missing....

Inclusive studies of D n
[BaBar, PRL90, 242001][CLEO, PRD68, 032002]

Ds*\ D, *(2317)
g . —
. oo i G [(3) D460
%350 3 * > 20f \
2300 F = [
0 250 £ +++*+*H o | :
0200 it 4 { » 10k
§1so |ty " 5 Of
o 100 — ' f o *’ﬁ’u*‘”m’o*. i !
S0 F O b
o-P||||l|||||||1|||||| L L AL L L L
2.1 2.2 2.3 2.4 2.5 100 200 300 400 500 600
M(D.x") M(D,yn")-M(D,y)
: Surprisingly
PDG Mass (MeV) Width (MeV) narrow!
;%(2317)i 2317.7T £ 0.6 < 3.8
D,1(2460)F  2459.5 + 0.6 < 3.5
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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 q@
state [PLB572, 164 (2003)][PRD69, 054002 (2004)]

B(B* — D°D!)

B(B+ — DYDY)

B(B° — D=D:)

B(B° — D-DY)

» Many alternative interpretations:
DK or D, 1 molecule, q@T + tetraquark/DK mixing j

0.032
- 0-081j0.025

= 0.13 £0.04

No D *i1* partners have been observed in inclusive studies [BaBar: PRD74 (2006) 032007]
or in B decays [Belle: arXiv:1504.02637]

|

1

» Multiquark scenario—> Isospin partners of D ,*
B(B® — D~ D*}) ~ B(B® — D°D?%) ~ B(B* — D~ D)

» No signal observed. UL one order of magnitude lower than expected
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r
SEARCH FOR “D,,*” IN B, DECAYS

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
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r
SEARCH FOR “D,,*” IN B, DECAYS

Candidates / (7 MeV/c%)

8 R
2 2
o o

LN LN L

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

m(D’K" ) [MeV/c?]

Candidates / (9 MeV/c?)

400 —
350F

300
250

200F
150

100

50
oF

L AR RARAN |

LR RARRE RARAN

I

g e, L nn N
............

-

2.8
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[ No evidence for such a broad D_,* state

e
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[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
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[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 mesons
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I
EXCITED D; STATES

[LHCb, JHEP 09 (2013) 145]

4 )
» The quark model predicts many excited states in limited mass regions
» Ground and 1P states well established

> BaBar collaboration found 4 new states decaying to D and/or D*m1. Need
to be confirmed. [PRD82 (2010)111101]

~ D,%(3084) 4"

30001 D,*(2806) 3° D, (3079) 3*

D,(2806) 2 D, (3074) 3'

___D,(2801) 2 D,*(3074) 2*

= D*(2796) 1

> — D/2618) T DA (2479} 2
= 2500 Dy(2558) 0 :Df(§469)) T
@ ——D2419) T
S D,*(2380) 0*

2000/=—D*(2023) T

—D(1864) 0° [Godfrey&Isgur, PRD32 (1985) 189]

1S 28 1D 1P 1F
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D®a MASS SPECTRA

How to fit? How many resonances?

[LHCb, JHEP 09 (2013) 145]

-~ [T [rT——— ; I I T T T L e ——|
> i ¢ | (a
: [ © ‘ 280000 (@) \ )
% 30000} , - ; Looos
S g ! Py S A NS ;
LA | ponf {7 _
= 20000 ;o 5 T L N )
R s ' 840000} * ' .
; : ] ]
10000} ook :
=020 0 20 02000 2200 2400 2600 2800
M(D*n) ]D**n-) [MeV] M(Dn) F(D*n‘) [MeV]
» D¥*m: Natural + Unnatural states
> Do : Natural states + Feed-down of states in D*n

™ Natural Unnatural
» Fitting the D*m1 spectrum first : r

> Helicity angle 3 used to study the natural/
unnatural component:
v oc sin23 for natural spin-parity
\_ v’ oc 1+hcos?3 for unnatural spin-parity )

Cortona, 20-22 April 2015 M. Pappagallo 13




r
D™ MASS F1T

Step 1 0000 ™ T T

lcos 9| > 0.75 I %

[LHCb, JHEP 09 (2013) 145]

500 -1

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 I} >I L L 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**n- MASS FIT

[LHCb, JHEP 09 (2013) 145]

Step 2
4 ‘
| cos 3]<0.5
enhances natural component 10000
Parameters of the unnatural states E
\_ from Step 1 ) 2 | | | |
g 5000
Natural Unnatural é i LHCb
r S i
= 7‘ ‘ ‘m‘_;.*-.-;_'.i»"' e cls | ‘J‘ -------
2200 2400 2600 2800 3000
i - m(D"'n) [MeV]
cos 9 cos 9
4 )
*
D,"(2460)° + unnatural states + 2 more natural states:
% %
L D,*(2650), D,*(2760) )

Cortona, 20-22 April 2015
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I

D**n- MASS FIT

Step 3
Natural Unnatural
4 )
» Parameters of all states fixed from Step 1&2
> Fit performed in bins of cos & to verify
angular distributions
) D TR B o N . T o oy S
cos 9 cos 9
D,(2420) D,*(2460) D,*(2650) D,*(2760) D,(2580) D,(2740)  D,;(3000)
Unnatural Natural Natural Natural Unnatural Unnatural Unnatura
E— sooo0l (LaI){E?(ZAZO)O 1570000’ (L:CD?(Z%O)" ] E;zgggi :SCS:(%SO)O Gé zzggi (L;;CDb:(2760)° g‘"‘x’ (L':){gt’(mo) ;é_ (L"P;CD?(”“O) ;m (L“P)[g:)(mo) 1
5 g 7 1 ; 10000f % .2500— ) + ‘¥ = ool Tk ]
15000 S L e = i + ool +_ 3 3000
40000 8000 3 + 2000F % VN T " .
k{/ 10000 6000F-- o oo K 1500F ook '+:“. ++- ." 1000} ++" A A 0 *4@"++
200008 ] 5000[- /- ;Zgg: 4 RN 1 I(S)Zg: _ + 4TI 1000 e ol e ]
o 05 0 o5 1 0 05 0 o5 o 0 ‘ 0 Y s L '+ L -L T+ Y '4- . Y
0, S 0 O,SCOSQHI -1 0.5 0 045(;059“1 05 0 05 » Hl 05 0 05 » Hl 05 0 0 COSBHI

[LHCb, JHEP 09 (2013) 145]

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

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

Cortona, 20-22 April 2015
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Study of D®n spectrum from
B decays needed to establish

spin-parity
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Excited D, mesons
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I EXCITED D,; STATES
(INCLUSIVE ANALYSIS)

[LHCb, JHEP 10 (2012) 151]

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

D,,*(2573)
> sy
> 6000 > i
2 | ] = 40000
g1 ] &
s F ] B 20000
2 2000f 7 = I
8 [ | ] 8 [
0. I - 1 . . . 0 2 e d N .
25 5 3 - 2.5 o 3 o
c
M(D*K’) | M(DK*) |
| %()" LHCb ] ) LHCb
é 00 D,,*(2700) © Ng — (d)
2 D,;*(2860) ] = [
0 I | 0 [
5 g o
3 3
= =
S o 3 e
3 -ZfS 3
D'K? invariant mass [GeV/c’] D°K* invariant mass [GeV/c?]
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EXCITED D,; STATES FROM B DECAYS

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

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

') Resonance Fit fraction (%)
K*(892)° 28.6 £ 0.6
D ;*(2860) K*(1410)° 1.7+0.5
LASS nonresonant 13.7£25
— P K}5(1430)° 20.0+£1.6
2 12 2 LASS total 214+14
2 ok E K3(1430)° 3.7+0.6
© F - K*(1680)° 0.5+ 0.4
&8 = K5(1950)° 0.340.2
< sF 2 D=,(2573)~ 25.7 + 0.7
T f b D, (2700)~ 1.6 + 0.4
4 = = (2860)~ 5.0+1.2
,E ¢ D*,(2860)" 2.240.1
- B b et Bin oo aaresssssseassosssuanriVen ok ¥ Nonresonant 124+ 2.7
0=~ AL 2.8 2.85 29 295 3 Dy 47+1.4
mADK") [GeV¥c*] m(D'K") [GeV/c?] D, (2317)" 2.3+1.1
D, *(2573) Bt 19+1.2
° Total fit fraction 124.3
Resonance  Mass (MeV/¢?)  Width (MeV/c?)
D2,(2573)~  2568.39 £ 0.29 16.9+0.5
D;,(2860)"  2859+12 159 =23 Likely they are the L=2 excited
D?,(2860)"  2860.5 & 2.6 53+ 7 D_*(1D) states
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Excited B mesons
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THE EXCITED B STATES

[>

LEP experiments observed a single broad structure (I >

100 MeV) in B*r: B;*(5732)

|

1000 [
> :(a)‘,d,u's#
o 800 &
> :
b L o ¢
Z 600 g
g -

400 |
A :

200 [

— | |

t

Data

Iy ?l*@ 7. MC Background

P |

05.4 56 58 6 6.

T R
6.4 6.6

Bnt Mass [GeV]
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12t r

21

B*m
Brn




r

THE EXCITED B STATES

—6.6

>
, , 6.4

» LEP experiments observed a single broad structure (I > | ==
100 MeV) in Bfn: B;*(5732) 262

» Tevatron experiments resolved it into 2 structures and <

interpreted the former as the overlap of B,%/B,*>B**x- > 6

o Data
— Total Fit

- B} > B
—BY—>Bn

-~ By — Br

-- B,°>BYK
Background|

;_: R
400 600
Q = m(Bm) - m(B) - m, (MeV/c?)

Cortona, 20-22 April 2015

Number of Events / 10 MeV/c?

5.8
B DO, L=1.3 fb"
0l 5.6
200; 54
150
5.2
=
50}/ N
L [\
B3 025 0.3 035 0.4 045 0.5 055 0.6 0.65 0.7

M(B*r) - M(B*) (GeV/c?)

M. Pappagallo

Bas) B*GS)

NN

B*(2S)

[
=
[5]
Z

B**

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

B *(2D)

B (2P)

B,(2P)

B,'(2D)

B,(2D)

B*(2D

_____________________________________________________________________ B*T1
--------------------------------------------------------------------- Bm

2S+1LJ ISO 381 IPO

P, 'P, °P, 'D, °D, 'D, °D,

J, 172 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
2 2 3

JEOoO 1

0 + 1+

1+

2+

I
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r
THE EXCITED B STATES

—6.6
> i B**
e , , ~ B64f ]
» 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 % / ]
i CDF reported the evidence of a broad state: B(5970)%* . A ]
5.6 N . n
. 54 i:_'.'_'.'_'.'_'.'_'.'_'.:'.'_'.'_'.'_'.'_'.:'.:'.'_'.'_'.'_'.'_'.:'.'_'.'_'.'_'.'_'.:'.'_'.'_'.'_'.'_'.:'.'_'.'_'.'_'.'_'.'_'.%
Mass (MeV)  Width (MeV) N ]
0 30 5.20—
B(5970)+ 5978 £ 5+ 12 70—7—%8 + 30 4 g s '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.)
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SPECTRUM OF m(Bn)-m(B)-m(n) MASS DIFFERENCES

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

B,(56721)>B*r and B,*(5747)>B"x
An excess of RS over WS combinations around Q ~
pr of companion pion > 2 GeV

resonances (Associated Production)

Two narrow peaks are seen in both B*n and B%" spectra interpreted as the decays of

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

~

500 MeV. Particularly prominent when

J

16000 |
14000 |

12000 |-

ve
+
o

Candidates/(8 MeV)
Candidates/(8 MeV)

10000 |-

8000 |-

800 1000 1200 1400
m(B"n)-m(B*)-m(x) [MeV]

"200

400 600

oo
=

=
+

Candidates/(8 MeV)
Candidates/(8 MeV)

WS
M. Pappagallo

Cortona, 20-22 April 2015

LHCb
Companion p,>2 GeV

HHH_—_

0%%0 400 eoo soo 1000 1200 1400

m(B*1)-m(B*)-m(n) [MeV]

LHCb
Companion P, > 2 GeV

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

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

{ Empirical Model

Associated Production __

Minimal choice ]

Broad .. = ! '
(Broa r(isonances \% 2200E C b
S~2000F-
correlated nonresonant 0 180 =
production of B and nin the — Q:.
fragmentation chain) ?) 1600E™. [ UL i@ T
£ 1400 ;— KRR R
$ 1200F g
L 1000
B1(5721)9B*TE SGGE
feed-down 600 E_ )
400E- background (i.e. WS)
200
0 A A50 7000 1500
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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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 —
= [ Associated Production ] = 4000 — [ Associated Produchon — g [ Associated Production  J
Ny = = E
9 8000 [ Combinatorial ] o £ ] Combi 1 a [ Combinatorial —
] - ] E E 4] 3
k] E ® 000 & 3
+ - B 6000 - 2 = k=4 E
T T C T =
£ £ 2000~ < E
4000 E 3

o o E (] —

2000 1000

0 o
= A~ = 4. §rsnnneeg et e I
E nz_ z pr 4 E FE P P NP £ bt o b “{. 4 88 *{. . ]
A .’. .f.’. e ?..’.’..??i’. 3 .*.’.‘ AN ’ T e ey e f.T’. N
£ = 4 =
150 200 250 300 350 400 ;i."l_é 500 550 600 650 700 750 800 150 200 250 300 M 450 500 550 600 G?ﬁ 700 750 800 150 200 250 300 350 400 3_5_6 500 550 5_67)‘ 650 700 750 800
m(B*r’)-m(B*)-m(x’) [MeV] m(B*n’)-m(B*)-m(n’) [MeV] m(B*1’)-m(B*)-m(x’) [MeV]
3500 B B (5721)—B’n* — 1800 E Hl B (5721) > B’1* ] I B,(5721)— B?n‘ ]
< [ B(5747)"- B'(B*)n* = < 1600~ LHCb [ B(5747)">B'(B%)n* = S 250 [ B}(5747)"> B'(B%)x* .
D 3000 [ B;(5747)'>B°n* = (] £ [ B;(5747)'- Bx* 3 [} [ B}(5747)"— B’n* ]
= N B(5960)'— B’n* = = 100 N B (5960)'— Bn* - = B,(5960)"— Br* .
2 200 I B,(5840) > B’ 3 ® I B,(5840)' > Br E (5840)" Bx* 3
= [ Associated Production T 1200 [ Associated Produchon — = ssociated Production  J
P 2000 e ial = 2 1000 E ¢ E :ug [ Combinatorial 1
= E ® E E ©
0 + B 1500 — ! B 80 = S
n T £ ° E | T
£ b 1 &= £
1000 — — = b |
© Tk = O o, 4 ©
0 E = =
0 B 1 1 1 1 3 E 1 1 1 1 1 1 o
= 4 T N
s R L PR IR R FURL L R Py
0 HRGI I  E rar ar #F RN r, HE 1*9 Qw{,g y‘}* ¢ r{,yiy Ty 11
8 150 200 250 300 350 400 450 500 55‘6 600 l‘i?oﬁ 700 750 800 500 550 600 650 700 800
m(B°r*)-m(B°)-m(x*) [MeV] m(B°n*)-m(B°)-m(7*) [MeV] m(B°r*)-m(B°)-m(x*) [MeV]

e B,(5960)‘— B"x*
W B(5721)">BU(B)r e o) por.

* 0 3+ -
] 83(5747) o_> B+ (_B Tin [ Associated Production
[ BY(5747) > B*n [__] Combinatorial
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I FINAL RESULTS:

B,(5840)%* AND B,(5960)%+

[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

— 6.6 )
% I Quark Model: B, (5840)0’+ natural § § § -
QO 041 g E
= I ]
- 2 %6%% 1
% 62 B ?foifg S P, by & ]
3 LR 2" B .(2D) E
R % 4
2 6 e TT3P) B2 PR =|B,(5960)
B, (5840)
38 7 E
i | A2 ]
56 r el _'
o o o 1B
SAp e i
L - 4
52— ]

2§+1LJ lSo 351 IPO 3Pl 1P1 31;,2 1DI 3D2 1D2 3D3
J, V2 12 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
JPo r ot 1rrrr2r1 2 2 3

% L Quark Model: B, (5960)0'+ natural § § FS

5 *(2D

)
B,(2D)

B,(2D)

*(2D

<
2 6k .;U%‘m B2P).B2R) B TCP)

i N — 2]
ssw e 7)) =
5.6F S ]
5‘4E_::::::::::::::::::::::::::::::::::::::;:

_m -
500

2S+1LJ ISO 381 ]PO 3Pl 1P] 3P2 lD] 3D2 ID2 3D3
J, V2 12 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
JPo o r ot 1t 121 2 2 3

B,(5960)
B,(5840)

B*n
Bn

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

Cortona, 20-22 April 2015
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Excited B, mesons

Cortona, 20-22 April 2015 M. Pappagallo
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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?

PRL 100, 082001 (2008)

@

S
[=)

jq JT  Allowed decay mode

w
o

BtK- B“‘K- B, |
o 1/2 07 yes no
L1201t no yes |

le 3/2 1+ 1o

5 3/2 2T yes /' yes MWWJU
°o—' ——s0 700 50 200
m(BK)-m(B")-M, . [MeV/c®]

—
o

Candidates per 1.25 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 was not confirmed by DO

Cortona, 20-22 April 2015 M. Pappagallo 29
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FIRST OBSERVATION OF B,,*>B*K

[LHCb: PRL 113, 162001 (2014)]

(/\]'\ 1000 [ L I | T T T T T L |
§ - LHCb

o 3800

> - *

: 600 _— le — B +K_

2 400

=) N

T 200F

O

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 B,;,2B*K- and
B,,*2>B*K" signals are observed
» A new smaller structure seen around 20 MeV
» Most precise measurement of B*-B mass difference

Cortona, 20-22 April 2015 M. Pappagallo 30
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I

ORBITALLY EXCITED B,

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

two different heavy flavour quarks
» Many excited states predicted below

the BD threshold
> B > B, + X where X =y, 117,

" Recently ATLAS found a peak in the B, mtm

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

20F My = 6282+ 8 MeV

E N, =100+23 I
10F =49+ 12 MeV E
0 E 1 1 1 1 1 l:
5800 6000 6200 6400 6600 6800
My, - [MeV]

Events / 40 MeV
Events / 20 MeV

m, =6277£6MeV
Ny = 227425
c =50=8 MeV

5300000 62006200 6800 6300
« [MeV]

mass spectrum 1dent1f1ed as B (2S)

ne»r-=»

Mass (MeV)
‘ D
3

-/

572 7588 7565 7571 756
: 7455 1475 7487 7563

7472 7365 7376 7380 ;

7250 7272, 7372 7269 7276 7271]

s 7150 7164 7266 -

7145 7028 7041 70801y threshold |

7036

6338 B. Mass Spectrum ]

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

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

L L f 1
300 400 500 600 7
m(B_nx)-m(B_)-2m(=) [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_nx)-m(B,_)-2m(z) [MeV)]

[ATLAS, PRL 113, 212004 (2014)]
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|

INTRODUCTION

[ bqq (g=u,d,s) Baryons (B=1, C=O)]

J =3/2 b Baryons

J=1/2 b Baryons 3b

Notation Quark J¥  SU(3) (I,I3) S B 2b
content 15
As blud  1/2+ 3° (0, 0) 0 1
=0 bsu]  1/26 3 (1/2,1/2) -1 1 o
=5 blsd]  1/2+ 3* (1/2,-1/2) -1 1
y buu /27 6 (1, 1) 0 1 The system of baryons containing a b
X b{ud}  1/2% 6 (1, 0) 1 quark remains largely unexplored.
vy bdd  1/2 6 (1, -1) 1 1
=Y b{su} 1/2% 6 (1/2,1/2) -1 1
= b{sd} 1/2* 6 (1/2,-1/2) -1 1 Missing states
0 bss 1/2+ 6 (0, 0) 2 1
el buu  3/2F 6 (1, 1) 1
5;0 bud  3/2t 6 (1, 0) 1
i bdd 3/2t 6 1, -1) 1
=30 bus 3/2t 6 (1/2,1/2) -1 1
== bds  3/2% 6 (1/2,-1/2) -1 1
;- bss 3/2t 6 (0, 0) 2 1
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!—|>I<O p— —
OBSERVATION OF =, —7 =, 7

_|_

AT CMS

[CMS, PRL 108 (2012) 252002 ]

[

In 2012 CMS collaboration claimed the observation of a new b baryon
=,(5945)%1n the =, 'i* spectrum, where =, >J/W(Up) =~ (ATT)

|

70 16
r CMS % data %,) C CcMS . C M S
60 | PP; \Vs=7TeV —e— Opposite-sign pr_ E 14F pp, Vs =7 TeV e Opposit
> E L=5.3fb" O Same-sign pr_ 5 E L=53fb" — signal+
2 L Q12 N I TEPPE Backgrd
= 50 @ ;
o L —— Signal+background fit Q r /
s R Background fit 3 10— (b)
S 40 = L
o F 2
» C C
© E + o 6
§ C
20 | b
" o Byt o7 I
o Erpprrtes 2 - I
rooten T DT T T e e 1
ol | | ] | ot | | J\ ITTTH T
5.6 5.7 5.8 5.9 6 6.1 0 10 20 30 40 50

[ N(=}) =108+ 14 ]

(= |

» Theoretical models predict:
v ZJ)JP=1/2) ~ m(=,) + m(m)

v Z,%JP=3/2) > m(Z,) + m(m)

Cortona, 20-22 April 2015
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SEARCH FOR Z{~ — ZEpm_

............................... T 61-2Mev
VS HORRR.
—x() b —
:b : :b ~20+5 MeV Karliner et al.
|54+ | MeVY | (theory) arXiv: 0804.1575
(CMS) :
........................... 'I_I eeeeeeiinnnene Ve
: 612 MeV
s M s SRR
—'0 \_
et I = e =0 . =10 ) =, - oyt .
_Jb I_;b =b T =pTU @ Zpb- ™ =p TU :
I 146 + 6 MeV 134 + 5 MeV
; = Allowed? = Forbidden?
|
Ve o) e e Voerrernn,
....... v SN
=0 =
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r
SEARCH FOR E;~ — EQ7

[LHCb, PRL114, 062004 (2015) ]

> Integrated luminosity 3.0 fb-!
» Sample of =,° > = o, where = "> pK-o* combined with a o
et 140
O LI‘ICb
2120 | _- LIS
N ]
g 5 ] Fit Model
= 80F E = . :Resolution function
S 60 +E =% : P-wave RBW @ Resolution
Q - i
£ 40f
M= T
20f
'm. L Lo

Wrong sign combinations

m(E, ©7) - m(E}) - m(x) [MeV/c?]

[Observation of two narrow peaks interpreted as =, and = * ]

Very unlikely scenario: peak at ~3 MeV is a feed-down of =,**- > =0 (= % =% =
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<€'\

(MeV/c

w

Mas

r

ORBITALLY EXCITED (L=1) Ag BARYONS

[ ® The ground state AY(J”
and L =0

® Orbital excitations with L =1
® Excited A states: two state with J” = 5 and 3

\@ Should decay to AYw ™7~ or A)y (parity conservation) depending on maSS/

= 1/2%): bud, where the ud diquark JZ = OR

2

6000
5950
5900}
5850
5800}
5750F
5700}
5650
5600f

IIIIIllIIIIII

1=0 =1
AL (3/2)
Ay (1/2)
Ty (3/2%)7
To (1/2*) :
Y I
Y| v
pL!
AD (172

Illlllllllllllllllll

blaql, ieymm bi{aal,,,

Cortona, 20-22 April 2015

Most predictions are above AYzwm (5900 MeV/ 02;

but below X7 (around 5950 MeV /c?)
J
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Candidates / (0.5 MeV/c?)

Candidates / (0.5 MeV/c?)

FIRST OBSERV%TION OF
AN EXCITED Ap BARYONS

30F Cl\?
20F | 1
I5F
10F | | {
SE L ] B Almm
1R il it
IO LIS - I. LV . e N
D00 5010 5920 5930 5940 5950
M (A)TT) (MeV/c?)
30
55 LHCb
20 l |i
15 ‘ Ii.
10 "l b !IP 4' ‘
5 I . !;Ill\;:‘ .i;i‘ }
‘‘‘‘‘‘‘‘ ~—~!!li|~:r..’:~ ! " 1 NP | l L
D00 5910 5920 5930 5940 5950

M (ATET) (MeV/c?)

Cortona, 20-22 April 2015

M. Pappagallo

[LHCb, PRL 109 (2012) 172003]

(>

Two peaks are observed with masses
around 5912 MeV/c? and 5920 MeV/c?
» No corresponding structures in the
same-sign pion combinations

_/

Masses are only slightly above AYw ™7~ threshold
(Q = 12 and 20 MeV respectively) and below the 287&' thresh

» Signal width consistent with
detector resolution
» Limits on natural widths

CDF confirms A, °(5920)
PRDSS, 071101 (2013)

old

40



[DOUBLY HEAVY BARYONS




r
SEARCH FOR =%

[LHCb, JHEP 12 (2013) 090 ]

(> All of the ground states with C=0 or C=1 have been discovered )
> Three weakly decaying C=2 states expected: =, isodoublet and Q. isosinglet
» SELEX reported signals of = .t 2A K~ 1%, pD*K~: PrL 89 (2002) 112001, PLB 628 (2005) 18]

» M=3519+2MeV and T(=..") < 33 fs @ 90% C.L.

» Large production (9% of A" from =_*)
\_ > No confirmation so far .

» LHCD looks for = ,F 2>A K~ 11t using 0.65 fb?
» The search is performed in wide ranges of mass and lifetime:
3300<M<3700 MeV 100<1<400 fs

& No signal found ) § 10: %
=+ \B(=+ + =t T s E
7(Eee)B(Ee, = A K7mT) < 1.5x107% at the 95% CL| & of }
o(AL) g b |
» The result doesn’t confirm or disprove the 2@ d W m w M \ { ME
\ SELEX Signal ) 04(I)0 I ISO}OI I I6(I)0I J}70(1)11 800

dm [MeV/c?
I
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I ProsPECTS I:

(EXCITED) HEAVY MESONS

(>

Proliferation of excited D states. Studies from B decays in order to )
establish spin parity. First observation of spin-3 state in B decays (higher
spin states unlikely to be observed).

Are all of them qq states? Investigation of the nature of D_,* and D_;’

states: production studies, search for new decays modes (e.g. 2
BR(D_,(2460) >D_ X)~ 70 + 12%), measurements of BR’s from B, decays. -

>

\Z

Properties of B,; and B_,* states well predicted (as it was for D ; and DS2%
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_,”?

(Orbitally) Excited B, states in B*K-? BK?

372 7269 7276 7271
—————————
T

~
ol
(=%
(==}
.II\.
=)
a
-
=
3
=
=

[> The hunting for the excited B, has just started...]

7145 7028 7041 7045
7036

6768
6706 e
—7

6800 p

Mass (MeV)

Cortona, 20-22 April 2015

6400 B, Mass Spectrum ]

6000
's, s, °p, P, °P,’D, D, D, F, F, F,
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I' PrROSPECTS II:
(EXCITED) HEAVY BARYONS

» Charmed baryon spectroscopy:
Any relation between the cs (D,) and css (Q,) systems?

(> = vV and Q,* expected to decay radiatively
(~100%) but =,° > =,°x0 is not excluded.
Unlikely to be observed.

» Search for the missing 2 ,°and 2 ,*%into 2 ,%n°

> ....and excited baryons states of course

» Search for doubly-heavy baryons: the bcq baryons

Notation Quark J”  SU(3) (I,I3) S B
content
A bud  1/2¢ 3 (0,0 0 1
=9 b[su] 1/2+ 3 (1/2,1/2) -1 1
= bsd)  1/2¢ 3 (1/2,-1/2) -1 1
s buu  1/27 6 1, 1) 0 1
| =0 blud} 1/2t 6 (1, 0) 0 1
5, bdd  1/2° 6 (1,-1) 0 1
| =Y b{su} 1/2% 6 (1/2,1/2) -1 1
= b{sd} 1/2% 6 (1/2,-1/2) -1 1
Qy bss /2% 6 (0, 0) 2 1
= buu  3/2° 6 (1, 1) 0 1
7 bud 3/2% 6 (1, 0) 0 1
) e bdd 3/2F 6 (1,-1) 0 1
Che bus 3/2F 6 (1/2,1/2) -1 1
ol bds 3/2F 6 (1/2,-1/2) -1 1
O bss 3/2t 6 (0, 0) 2 1

Cortona, 20-22 April 2015

\ might be spot before the ccq baryons
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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

Cortona, 20-22 April 2015 M. Pappagallo 46




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)

Cortona, 20-22 April 2015 M. Pappagallo 417
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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

L>0
- —_—
L=1 — 6.6 1 A
1 > N
5= P :
2 g64 N 7
=1/2 L i
Jaq / 3/2 % 62 = il*(ZD)R_,mn)& —
“~_.Mixing - < " BGS) B*(3S > B*2D .
\\v/// §C = 2 6 - 5-50) B, 2P) B(2P) -
[ ]
JP=ot JP=1t JP=1t JP=2t S8 MS)V_% E
% 9 % - sl By -
B, B’ B, B, 56 ' -
_ v -
Two Broad States = Two Narrow States 54 i:'.'_'.'_'_f.'_'.'_'_f'_'.'_'_f.'_'.'_'.1'.'_'.'_'.1'.'_'.'_._'.'_f'_'.lf'_'.'_._.'_'.'_'.l'.'_'.'_'._V._'.'_'.; 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,
Jj o o1/21/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
doublet doublet g
JEPoO 1ot 121 2 2 3
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galCs 7/ (v ik v )

-

aldl

\_ Yy, y
D1(2420)0
N\ o 70
SNl s T ——wapl |
[ (©) \ : %‘]Eswoo_—(a) 17 %\] = 0 - D1(@420)°
i ;/ ] geoooof- # \ 5}2460)0_ =
L K . < L e [ 4 -~ 0
20000 ; 43 : \ X/ ] 4
S S { Saco0of- * . : 1 =30
" N
1 20000 ]
i ] ] 10 |
Ton 0w 2800 05000 200 2400 2600 2800 %3 2 g o4
n(D*T) [MeV] D) [MeV] 9
%
M(D*n) M(Dr)

I

DOUBLETS IN INCLUSIVE ANALYSES

( [ °
Inclusive analysis

pp 2> DO*m +X

[LHCb: JHEP 09 (2013) 145]

~\

(e.g) L=1, j,=3/2 doublet

» IpeakinPr 3 peaks in Dn?
» 2 peaks in D*n

( (] °
Exclusive analysis

B 2> Do o

[Belle: Phys.Rev.D69 (2004) 112002]

\

(e.g) L=1, j,=3/2 doublet
» 1 peakin Dn

g » 2 peaks in D*=n

} as expected

Cortona, 20-22 April 2015

M. Pappagallo

Broad states also revolved by an

amplitude analysis
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galCs 7/ (v ik v )

-

aldl

30000}

I

DOUBLETS IN INCLUSIVE ANALYSES

( [ °
Inclusive analysis

pp 2> DO*m +X

[LHCb: JHEP 09 (2013) 145]

~\

(e.g) L=1, j,=3/2 doublet

» IpeakinPr 3 peaks in Dn?
» 2 peaks in D*n

20000}

10000}

( (] °
Exclusive analysis

B 2> Do o

[Belle: Phys.Rev.D69 (2004) 112002]

\

(e.g) L=1, j,=3/2 doublet
» 1 peakin Dn

g » 2 peaks in D*=n

} as expected

. / J
D,(2420)" /D,*(2460)" feed-down
Ly D*+ o
’/— —~~\\)L>D+Yh0
~, 70
r r chs ——+H#— ch e
© ' THCY e 3 ¢ D@20y
: 1r F /NS &8 I 2.
i | Soonol- / \ i Dypaeoe] 5
;o 13 | U 1 540
. ]l | B -
! ; | éoonl-* : 1 =3
1 20000} -
_ ] 10 |
mO0 20 0 20 0200 200 2400 260 2800 s )
D) (MeV] R 22 23 24
%
M(D*m) M(Dr)

Cortona, 20-22 April 2015
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Broad states also revolved by an
amplitude analysis
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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

60000 [
~ » \\ 2000 a />\ - y
T - ’ <.40000 |-
40000 [— \‘. 3 | “_\
2 - z R
E B . E | N
5 20000 |— S
© 20000 B S ’\“\ © - \"\.
0 ;___.4_‘ SO R 0 e L
2200 2400 2600 2800 3000 2200 2400 2600 2800 3000
m(D’r*) [MeV] m(D*) [MeV]

2 more natural states:

D,*(3000)°, D,*(3000)*
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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 /

Cortona, 20-22 April 2015 M. Pappagallo 52




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 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

Cortona, 20-22 April 2015 M. Pappagallo 54



r

SPECTRUM OF m(Bn)-m(B)-m(swt) 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) 1t —
S 006 - o B > D'4h) n* ]
Z : +$ #* B*>D°n*n"n*t 7
B 3 0.0 ’ g 48 B UK
T £ o002 3 o -
(] C -
£ 0.00 }..Mi R A SatPeeg¥pNeTy
g - ‘ -
00— 200 600 800 1000 1200 1400 1600
m(B*r)-m(B*)-m(x) [MeV]
—~ 010 — T T 1 e
E 0.08 i LHCb OB' 5Dt o
g ooc o
> 004 *B v -
BOrt £ wf ¢ ¢% %% E
5 ooob WWQ iy Cg# MY
; o.ooM ﬁ’féﬁ W@@t@
5 002
=z C . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600
m(B°x*)-m(B%)-m(x*) [MeV]
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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
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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

Cortona, 20-22 April 2015 M. Pappagallo 57



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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I

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

“Phase space” plot

jq J°  Allowed decay mode 5:6“““
BtK~ B*"K- i
 1/2 0F yes no o R
o121t no yes B —5522
Bs 3/2 17 no es o1
Sooafz 2 yes yes saf

The B,,*> B**K- decay could manifest itself in B ]

the B*K- mass spectrum in a similar fashion to B 3“’m<si‘°)m(§"?m(K‘§‘{’MV,7]°

the corresponding B_; meson decay

4 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
v Likely (B, B,,*) belong to the L=1 j,=3/2 doublet
\§ J
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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

— H

E’m ,L}Jl%ﬁ'l:r%r |
1)

Events/10_l!1
8888

o
__Ea—s

op
Nl L
-2000 i PR R T S T—— X " A A IJ  ee—tee A A A
104 10.5 106 10.7 104 10.5 106 10.7
2 2
M,..c(T), GeVic 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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r

X

SEARCH FOR Z{~ — ZEpm_

Significant isospin splitting measured in the = sector:

[m(Eb_) —m(Z}) ~ 6 MeV (1) ] [LHCb: Phys.Lett.B736 (2014) 154]

Assuming the splitting is the same for all =,

m(Z;7) —m(Z’) 2 6MeV  (2)
m(Z, ) —m(Z,) ~6MeV  (3)

Combining (1) and (2):

[[m(E;;_) —m(Z})] — [m(E;%) - m(Z, )] ~ 12MeV ][ m(Z;7) — m(Zp) — m(r~) =~ 27MeV ]
CMS: 15 I\’IVeV + m(n")
Similarly combining (1) and (3):
[[m(E;;) —m(EY)] — [m(EL) — m(E;)] ~ 12 MeV ][ m(Z,7) —m(EY) —m(r~) < 12MeV ]
3 \
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r
FINAL RESULTS

[LHCB-PAPER-2014-061; arXiv:1411.4849]

The first peak is very narrow, so we put an upper limit
on 1ts width I, then fix 1t to O for the baseline fit

[F(E{;) < 0.08 MeV at 95% CL ]

[ With this assumption, we measure:]

(om(E7) = 3.653+0.018 = 0.006 MeV
5m(5b_) = 23.96 £0.12 £ 0.06 MeV
F(E;_) = 1.65+0.31 £0.10 MeV
g J
[ Signal significances > 100 ]
m(E{;) = 5935.02 +0.02 = 0.01 £ 0.50 MeV
m(Zy") = 5955.33 £0.12 £ 0.06 = 0.50 MeV
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r
FURTHER STUDIES

1) Angular analysis

[LHCB-PAPER-2014-061; arXiv:1411.4849]

J H
| |

4 The spin of the states investigated by studying the helicity angle 0

ok — =0 - =0 =+ -
117 1 15"
JE = = U, = = = W
2 T2 2

v J =% - Flat 0 distribution
v’ J >% - 0 distribution depends on the initial polarization

~

J

p
Flat © distributions observed for both states consistent with
the =, and =,* interpretation

.

N\

2) Measurements of relative productions
[U(pp — =2, X)B(E, — Er)

o(pp = 5, X)B(=y™ — :gﬂ'_)

! — 0.118+0.017+0007 | Given the isospin
7 = 5, X) des, large fracti

modes, large fraction
— 0.207£0.032+£0.015 | of =, produced in

o(pp — :gX) he d =
olop = 2, X)BE, - E) 1 74403040.12 the decays of =,
\ o(p = & X)BE > ) : ) resonances
3) Search for =, and = * in other =,° decay modes
Signals have been observed in
2 5> AT (pK 7K ntn™ ) - DY(K " nH)pK~ and =¥ - DY(K ntaT)pK nt
b c b b
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Candidates / (2.5 MeV/c?)

r
_|_

T T MASS DISTRIBUTION FROM A}’ (5920)

lepF 1 — " T T T T T
141 LHCb -
12F . @ E
10F . Phase-space]
8F =
J: E
41 N + -
2F -
T 1 | 1 1 1 1 | 1 1 1 1 | 1 1]
280 290 300

M n™) (MeV/c?)

Cortona, 20-22 April 2015
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A

® Invariant mass of 777~ from \~
AF0(5920) — Admt ™

® Background subtracted by sWeights
technique

® The invariant mass of A27T+7T_ used
as discriminant variable

® No peaking structures are evident

@onsistent with phase-space decay
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