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/ The LHCb experiment '
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Calorimeters Tracking system

O High cross-section of heavy-quark production.
O Excellent decay time resolution.
O Excellent particle identification.

O Excellent momentum resolution.

Muon system |4 RICH detectors Vertex locator

[JINST 3 (2008) S08005]

E Flexible trigger.
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‘ The LHCb experiment '

O Efficiency for bb production in LHCb is 27% of b or b and 25% of bb pair.

O Collected Luminosity.

bb-pair productlon
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LHCb acceptance
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Integrated Recorded Luminosity (1/ib)
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O Most of the analyses presented here made use of Runl(7+8 TeV) (3fb~*

only.
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LHCb Integrated Recorded Luminosity in pp, 2010-2017

= a 2017 (B.5+2.51 TeV): 1787.67 b+ 0.100 || 201 2
2 ....... . 2018 {5_5 TQV}: 167 b ._ ........................................................................
2015 (6.5 TeV): 0.33 ffb ;

1 8 _ ....... . 2012 (4.0 ToV): 2.08 b ................ 2016 ...................................

1.6 “ 2011 (3.5 TeV): 1.11 fib R — -

2910{35]'9\"} 0.04 fb 2017

Month of year

Q A few analyses make use also of the Run2 (13 TeV) (1.7fb~") data.

) dataset

/
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/ Charm meson spectroscopy' \

O T'wo methods for studying or discovering new states in LHCb.

e Inclusive studies of D07T+, DYr~ and D*"n~ :

pp — Dy X
Inclusive studies of D° K+, DT K2, and D*T K?
pp — Dsy X

— All resonances can be produced.
— Signal to background ratio can be poor.

— Spin-parity analysis of three-body decays can only distinguish between

Natural and Unnatural Parity assignments.

— No spin analysis possible for two-body decays.

e Exclusive approach: Dalitz plot analysis of B and B decays.
— Full spin-parity analysis possible.
— High mass resonances can have low rates or may not be produced.

— The analysis can be complicated by the presence of multiple interfering

\ contributions. /




/ Recent experimental status of the D; spectroscopy. '

O The quark model predicts many states with different quantum numbers in limited

1M ass I‘egions (Godfrey,Isgur, Phys.Rev.D32,189 (1985)), (Godfrey,Moats, Phys.Rev.D93,034035 (2016)).

O In black are the new states.

O Tentative assignments. 30000
- D*(2760) D,(2750) D*(2760)
o - D(2550) 0"1(2600)
= 25001 D*(2430) D*(2460)
§ I D;(2310) D*(2420)
= L
2000 B D*(2007)
- D(1865)
0- 0+ 1- 1+ 2- 2+ 3-
O States having J© = 0%,17,2%7,37, .. are defined as having “Natural Parity”.
O States having J© =07,1%,27, ... are defined as having “Unnatural Parity”.

O A resonance decaying to Dm has “Natural Parity”. Labelled with D™.

O The D" system can access to both “Natural Parity” and “Unnatural Parity”,
except for J© = 07 which is forbidden.

O The Dm and D*7 systems have been studied by BaBar (phys.Rev.D(RC) 82 111101 (2010))

k&nd LHCDb: (yuEPO9 (2013), 145.)
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resonarce.

O In the rest frame of the D*T 7™, we define the

helicity angle 8y as the angle between the 7~ and

the 71 from the D*T decay.

O Expected 0 distributions for different J* assignments.
O We divide the data into two samples:

| cosOp |> 0.75, Enhanced Unnatural Parity Sample.
Natural Parity suppressed by a factor 11.6

| cos O |< 0.5, Natural Parity Sample.

Natural Parity suppressed by a factor 1.5
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Fits to the two D*"n~ data samples I \
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O L
2200

O LHCDb study of the D7 and D*r systems (1 fb_l) (JHEPO09 (2013), 145).
O Enhanced Unnatural Parity: Observe three further structures:

D;(2550)°, D;(2760)°, D ;(3000)°

O Fix the parameters of these new states and fit the Natural Parity sample.

O Observe two further structures:

\ D3(2600)°, D% (2760)° /
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/ ‘ Angular distributions ' \

~ 16000 f————— ~. 4000 p———T—
O Angular distributions for D%(2600) T 14000f FHEP, . 1 < a500f. LHOD, )
. S 1aogo| . @ D,(2650) S ool B D,(2760)
and D*(2760). ] Y 3 Y
Z Z 2500 + =
2000F

O Consistent with having Natural Parity:
fitted with sin2 O . _ h | cosBy - ' cosBy
O Angular distributions for D ;(2550)°, D;(2760)°, and D ;(3000)°.

(black: natural parity), (dashed red: unnatural parity), (dotted blue: J& =07)
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E Consistent with having Unnatural Parity: /
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‘Fit to the D7~ and D7 mass spectra.
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O Cross-feeds (in red) produce a distortion of the

~

D53(2460) and D?%(2650) lineshapes.

T 6000

D, (2650)

2000 D'(2760) ]

D*(3oooj

D2 (2460% |

O |

i | | | ‘ L
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O For D%(2650) we rely on the results obtained from the D*T7~ mass analysis.
O We observe the D7%(2760).

O The fits requires the presence of a broad structure around 3.0 GeV which we label

/




/ Dalitz plot analyses of three-body B and B! decays. \

O We have performed the following full Dalitz plot analyses.
O Study of the D’ mesons in the decays:

B~ — DYK ™ n~
BY = Dzt~
B 5 D°Ktrn™
B™ =D 'n n”

O Study of the D’ ; mesons in the decay:

BY - DOK ™
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/ ‘First observation and Dalitz plot analysis of B~ — DK 7~ I \

(Phys.Rev.D91, 092002 (2015))
0 The DT K~ 7~ mass spectrum contains ~ 2K events in the B~ signal region.

O Integrated luminosity: 3 fb™'.

§ 300F " 'e Data ' - § e e [')ata' b
sk Total  LHCO 3 26000 ﬁ Tota  LHCD
v {0 =R ) Signal — ©w L Signal
~— C ) Comb. b(';?. ] \5000 ® ) Comb. bkg.
« - * B - D"'nmm ] S - Wy -
§ B p B - DK'm ] §4ooo B - DK
d= - I B . D"K'rr E 2= !
:% 150 | 5 §3ooo

100 B 2000

50 ‘ E 1000

petep — 0 d 4 L
5400 5600 5800 5200 5400 5600 5800
m(D*K 1T) [MeV] m(D* 1T 1T) [MeV]

0 Use of neural network’s trained by control samples, especially B~ — D n~ 7~
(=~ 49K events).

. /
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/ Dalitz plot analysis of B~ — DT K 7~ I

N

O The Dalitz plot. (\% . | | | | E
O Need to introduce virtual D};(2007)° O, [ LHCh
B’? and Nonresonant contributions. Q 20F -
O Clear spin-2 D3(2460) signal. é
O A D*%(2760)° spin-1 resonance. T I5¢ 7
10 ]
L D5 (2460)
5 10 15 20
mA(D*7) [GeV’]
Resonance Spin Parameters
D?(2400)° 0 PDG
D3 (2460)° 2 m = 2464.0 £ 1.4 MeV, I' = 43.8 + 2.9 MeV
D*(2760)° 1 m = 2781 £ 18 MeV, I' = 177 4+ 32 MeV
Nonresonant 0 Ro(m) = e=om”
Nonresonant 1 Ri(m) = e=Bm?
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Dalitz plot analysis of B~ — DT K 7~ I

0O DT r~ fit projection.

Resonance Fit fraction (%)

D?(2400)° 8.3+£26+06+ 1.9
D3 (2460)° 31.8£1.5+£09+ 1.4
D% (2760)° 494+1.2+03+ 0.9

S-wave nonresonant

P-wave nonresonant

38.0£7.44+1.54+£10.8
23.8+5.6+2.1+ 3.7

D*(2007)°
B

76+23+1.3+ 1.5
36+194+09+L 1.6

resonance.

Errors are statistical, systematic and model.
O The Dalitz analysis of B — Dr "7~ gives evidence for a D} (2760) spin-3

\D This state is not observed in this B~ decay channel.

LHCb (a)

+— D} (2460)

(OY)
N O
o O

_— = N DN
wn O
o O

Candidates / (40 MeV)
)
-

N
S

-}
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/ ‘ Dalitz plot analysis of B® — Dzt 7~ I \

(Phys.Rev.D92, 032002 (2015))

0 BY — D77~ mass spectrum.

O Green line is background. N§ 100 LHCb _
O Integrated luminosity: 3 fb™*. E I E

. . D 500F e
O 9565 events with 97.8% purity. E E
O Dalitz plot. R ]

5250 5300 5350 542% 5450 5500
m(D T7T0) [MeV/c?]

| D% (2460)

O Presence of resonant structure along the
77~ and D°7r~ axis.
O Clear spin-2 D3(2460) signal.

O Clear spin-1 p(770) signal.

\ p(770) — hiel

" mD 1) [GeV¥c']

m2(TeTT) [GeVZ/ch

lllHH‘
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0 D~ fit projections.

‘Dalitz plot analysis of B — D77~ I

~ M~ T T T T T ] ~ [ T

2 ok | —— Daa LHCh ] 0 150f

% - — K-matrix fit (c) ] % 1

vy 1500 - o 1 = +

Q POE Bt 1 S 100k

) C ] ~ m\:

~ - SEEIEE TUTU S-wave : ~ T\

~ 1000~ ] @ -

Z i Background ] S -

5 B 1oz Or

o 500 o :

caaaat-otd SO b Ok (e Pl S L

0 5 10 15 20 25 7

LHCb
—— K-matrix fit
(b) 1

....... D:(2760) J
‘‘‘‘‘‘‘‘‘‘‘‘‘ Other D’ —
T

—e— Data

Background

m(D 10) [GeVZ/c]

O Amplitudes fractions.

s 9
m(D 10) [GeVZ/c]

Resonance

Isobar (F; %)

K-matrix (F; %)

DO~ P-wave
D (2400) ™
D2 (2460)
D2 (2760)

9.21 £ 0.56 £0.24 +1.73
9.00 £0.60 £0.20 £ 0.35
28.83 £ 0.69 £0.74 4+ 0.50
1.22 £0.19 £ 0.07 £ 0.09

9.22 4+ 0.58 £0.67 £ 0.75
9.27 £0.60 £ 0.86 £ 0.52
28.13+0.72 £ 1.06 £ 0.54
1.58 4 0.22 4+ 0.18 £ 0.07

O Observation of a J© = 3~ resonance.

!n(D@f(Q?GO)) —2798.0+£ 7+ 1+ 7 MeV,

I'(D5(2760)) = 105 4 18 = 6 £ 23 MeV/
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‘Dalitz plot analysis of B~ — D n n~ I

(Phys.Rev.D94, 072001 (2016))

0 B~ — DTn 7~ mass spectrum. 28000 events. Integrated luminosity: 3 fb™*.

5200

LHCb

Data
Total

Comb. bkg.
B - DYk m

5600
m(D ) [MeV/c?]

O S-wave described by a Model Independent Partial Wave Analysis.

5400 5800

Contribution = Mass (MeV)  Width (MeV)
D3 (2460)° 2463.7 4 0.4 47.0 £ 0.8
D% (2680)° 2681.1 £ 5.6 186.7 & 8.5
D3 (2760)° 2775.5 + 4.5 95.3 + 9.6
D3 (3000)° 3214 + 29 186 + 38

N

o [GeV7]

m(D* T Dimax

4 Dy(2460)

14

12F

10F

LHCb

O D7~ mass projection from the Dalitz analysis.

5 10 15
mXD*1T) [GeV?]

O Masses and widths determined in the fit to data.

~

3 35 4
m(D'TT) [GeV]/
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/ ‘Dalitz plot analysis of B — D°K*n~ I \

(Phys.Rev.D92, 012012 (2015))

T T T T T

. 0o _- . ——
0 2344 events in the B~ signal region. LHCb (a)

00
O Integrated luminosity: 3 fb™'. 00 . bua
— Total fit
------------ BO . E°K+n_—

(s)
— + — Combinatorial bkg.

S
=)

Candidates / 8 MeV
W EoN Loll (@) ~J
(@]

OO -  FYr Bo — B*0K+7T_
0 . : o =m0
O B~ Dalitz plot. 200 i 8 - D "
. . e 7 T VU Ay -~ D K'P
O B mass constraint is applied 100 B . 0 kK

: : : musandint el e &
in the Dalitz plot analysis. 0 et T So00 3800
m(D'K*TT) [MeV]
O New parameters have been obtained for the — 12— W ROTOR e -
> - =2\~ /- ]
broad Dg(2400) resonance. S 1 LHCb
Final state Method Mass Width C\: Py . ( ) 7
MeV MeV % 6;_ : —E
BY — DO+ x— Free 2360 + 15 255 4+ 26 T f -
BY - DOrtrn— Free 2354 + 7 230 £ 15 4 _
B~ > DTK n— (PDG) 2318 £ 29 267 + 40
2_ —]
K*(890) — [ :
O ]

I:;.‘IIISII_IlZOII
\ m2(D’n) [GeVZ]/
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‘Dalitz plot analysis of B — DK 7~ I

O Dalitz plot analysis and fit projections. E 250? " LHCb (a) 1
Resonance Fit fraction (%) % 2005_ E
K*(892)° 3744+ 1.5 g E
K*(1410)° 0.740.3 § 100 E
K; (1430)° 5.1+ 2.0 s0f
Kn S-wave LASS nonresonant 4.8+ 3.8 0

LASS total 6.7 & 2.7 m(D°17) [GeV]
K3 (1430)° 7.4+ 1.7 — —
D; (2400)~ 19.3 + 2.8 2 e LHCb  (0)
D3 (2460) ™ 23.1+ 1.2 T sk E
D S-wave (nonresonant) 6.6+ 1.4 § 2005— —
D7 P-wave (Form Factor) 89+1.6 :'% 150;— —E
Total fit fraction 113.4 N 1002_

50
N
O No evidence is found for additional spin-1 or m(K*17) [GeV]
spin-3 D7 resonances. ° Das Towmift  eeeees k(@92 mm K(1410f
mrmrm Kn S-wave (LASS) —_—— K;nm]" = ' Dy (2400) D; (2460)
=== DrSwave (EFF)  ='='=' Dr P-wave (EFF) "' D Background

o
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/ Experimental status of the D; mesons ' \

O Recent calculation of the ¢s spectrum (s. Godfrey, K. Moats, Phys.Rev.D93,034035 (2016)).

O Experimental spectrum.

i D_,(3040
3000+ -4(3040)
- D*_(2860) D*_,(2860)
= I D*_(2710)
O ! D*_(2573)
D_.(2536 s2 x
=2500 021524603 D*K
) — X
g ————— D237 DK
= I
[ D*_(2112)
2000} D.(1968)
0- 0+ 1- 1+ ? 2+ 3-

0O D% (2710)", DZ%5(2860)" and D¥;(3040)" discovered by BaBar (phys.Rev.Lett.o7, (2006)
222001), (Phys.Rev.D 80 (2009) 092003).

Q Several new states (in black) being studied in the DK and D* K mass spectra. /
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Inclusive: Observation of D};(2710)" and D};(2860)"
O Inclusive approach: study of DT K? and D°K™ final states (1 fb™ 1) (uEP 1210 (2012)
151). —

' LHCb I
N§ 60001 (a) “‘§ 400_
Q [}
= . =
Te] H [Te] L
g 4000| % D32(2573) g 200
5 5 L
I o
T 2000 2
S [ . 8 o
c-..b*"::: !
2.5 3
D*KY invariant mass [GeV/c?] D*KY invariant mass [GeV/c?]
' LHCb I % o LHCD
i) (b) ‘o 2000 v D:1(271b
S S I |
§4oooo § Iy :
Te) r * 1) i 0
: e D22(2573) 2 )
Sa0000 3
2 2 : .
8 I 8 QRS e
0 .k.«ff ................ ] I
2.5 3 2.5 3
D°K* invariant mass [GeV/c?] D°K* invariant mass [GeV/c?]

\D Observation of D3;5(2573), D31(2710), and D7;5(2860).
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0 DOK 7" mass spectrum
(Phys. Rev. D 90, 072003 (2014)),

(Phys.Rev.Lett. 113, 162001 (2014).

O 11302 4 159 signal events.

0 3 fb~ ' integrated luminosity.

O The largest components are:

K*(892)° (~ 29 %),
*(2573)" (=~ 26 %),
Km S-wave (LASS) (=~ 21%)

DK~ nonresonant (~ 12 %).

o

‘Dalitz plot analysis of B! — DOK 7™t I

_/

< F R
= 2500F 3
> : . pma LHCD :
= s000F — Fullfit <
- 0 :
= R e B signal ]
GL00E e Combinatorial bkg. ]
= - W (qpee— B - DK 7 ]
g 1000 G BO DKW
8 :_ : BD s B(*)DJI_T _:
500 1° ™5 -
- Ay - D pr -

(L e Ao e e e

5200 5400 5600 800

m(D'K 1+) [MeV/c}]

© nF
> 8
8 10f
o 8F
|t§ C
X 6
£ i
K*(892)° —F
0

D*,(2573)

IIIIIII|III|IIIIIII|II]|I

L L A L 'l I iz.f 'l kl
10 15 2_90 25
m2(D K) [GeV¥ch]
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Koo 7 g Al
. . . 15 E ] 2 E
O Fit projections. = soof- LHCb E
= (a) 1 = 30f
e 400F 1 o _F
= - 1 I 250F
— B e 7] I
2 300F 41 2 20f
= - - = o
=] - - = F
= 5 . = 150
T 15w
=) [ @) 3 T
O 100:— ; siE -.‘
%.5 1 1.5 0 2.8

m(K~ 1) [GeV/c?] | mD"K") [GeV/c?]

O Signal present in the 2860 MeV DOK ~ mass region
described by a superposition of

a spin-1 (5.0+£1.2+0.7+£3.3)%

and a spin-3 (2.2 + 0.1 + 0.3 +0.4) % resonance.

Candidates / (5 MeV/c?)

2.7 2.8 2.85 2.9_( 2.95 3
mD K") [GeV/c]

O Resonances parameters:
m(D*,(2860)7) = 2859 + 12 4+ 6 + 23 MeV, I'(D*,(2860) ) = 159 + 23 + 27 + 72 MeV

\m(D:3(2860)_) — 2860.5 +£ 2.6 £ 2.5+ 6.0 MeV, T'(D*;(2860) ") =53+ 7+ 4+ 6 MeV

/ Dalitz plot analysis of B, — DOK 7™ I \

3.2

/
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/ ‘Inclusive D*T K2 mass spectrum' \

. . N\ ‘ T ‘ T T
0 D*T K9 with enhanced Natural Parity % | LHCb )

o 0 _ L2 Ds1(2530) D2, (2710)
contributions |cosfx| < 0.5. D° — K™« z | ) ol D*,(2860)
(JHEP 02 (2016) 133) §4OOO ’ | |

3
5
2000 [
O Resonances D?;(2710)" and D}4(2860)"
are also observed and their parameters .
are measured to be: 0600 2800 3000 300400

m(D +KS) [MeV]

m(D*,(2710)1) =2732.3 £ 4.3 £ 5.8, T'(D*,(2710)7) = 136 £ 19 £ 24 MeV

m(D*4(2860)1) = 2867.1 + 4.3+ 1.9, I'(D*,(2860)") =50 + 11 + 13 MeV

O Significances are 7.60 and 7.1o respectively.
O Same x°/ndf and a statistical significance of the D} (2860)" of 3.30: the data are

Qot sensitive to the presence of the D% (2860)" resonance. /
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dN/d(cos6,,)

5 (2710)F

2000 F

1000 |

3000 |

R

LHCb
(@) D, (2700)"

&1

—0.5

cosf,

and D}5(2860)"

dN/d(cos8,,)

angular distributions

[E—
-}
-}
-}

AN 1 XX O
o O O O
o O O O

500
400
300
200
100

LHCb

+ (b) s3<2860>

—1

O Both consistent with Natural Parity assignment.

O The poor qualtity of the DZ3(2860)%

presence of Unnatural Parity contributions.

o

—0. 5 0.5

cos@,

angular distribution suggests the possible

~

/
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10000

Candidates / (2 MeV)

5000

|

DR

|

2550

2600 2650

P
2600

2650
m(D**Kg ) [MeV]

Q058 for this ratio.

dN/d(cos8,,)

O Fits to the D™ K mass spectrum in the threshold region.

/ First observation of the decay DZ,(2573)" — D*T K}

LHCb
(b) D ,(2573)"

Cl
-0.5

0

cos@,

O DZ,(2573)" mass consistent with the DK measurements. Significance: 6.90.
O Angular distribution as expected for a J© = 2% Natural Parity assignment.
O Relative branching fraction of the decay D*,(2573)" — D*tK3:

B(D*,(2573)" — D*TK})

— 0.044 + 0.005 (stat) + 0.011 (syst).
B(D*,(2573)F — D+ K?) (stat) (syst)

O In agreement with expectations from the QM calculations which predict a value of

~

(1)
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/ ‘ Multiquark states ' \

O In the original Gell-Mann paper (“A schematic model for baryons and mesons”,
Phys. Lett. 8, (1964)).

O “Baryons can now be constructed from quarks by using combinations (qqq), (99qqq),
etc., while mesons are made out of (¢q), (qqqq), etc.

O Today gqqqq baryons are called pentaquarks, qqqq mesons are called tetraquarks.

Quarkonium Tetraquarks

Pentaquarks ® compact tetraquark

N Cq) ® meson molecule
o’ o

=7
7 w
e ~ @ '
R ’ e diquark-onium
. q ) aq

-
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120

80

40 —

40 —

The rise and fall of pentaquarks

O Low statistics evidences for
2005-2006 (see A. Dzierba, C. Mayer and A. Szczepaniak, hep-ex,/04120).
O Evidences for ©7 in the nK T and ng.

60 —

40

20

[

40

| LEPS(2) CLAS(d) 40 -| CLAS(p)
1 k*n IHHIIIIII 30 1K H 1 I I 30 Ktn 8 l
i 20 — II HIIHIIIIH 20 - I}:III I
' Irfflm . mfﬁsi” "i " IIIIIIIIII I III ! - ! |
'I.4OSAPHI'IR50 1.60 1.70 - 'IjOCOSY 1.50 1.60 1.70 . 'I_40.”NR 1.50 1.60 1.70
KTh 1 ] Sp I}:I 80 - Ksp I :{
80 — I I 60 —
! II} 11 «- ' 21 g
il II II II J II 20 II
] svp 7 piana 7 vee
1 Kep II 7 Kp 15 Kp [l I
- :[:[ 30 : 10 [
i S 1] i
Lt e A e
NOMAD o HERM 200 | ZEUS
Ksp II N _ @lﬁm l I ] Ksp III’IWI
H IH I III II 207 11 100 —_ I
| | | | | M(K+nl) or M(KS,;) | GeV/cé | | |

Around 2007 pentaquarks were dead.

Candidates / (5 MeV/c?)

“pentaquarks” were provided by several experiments around

—T T T T T

[ Normalization
r region

300
200
candidates  Eg, Q
. e ZEUS ep 14622 300 GeV >20 GeV’
100 - .
A +BaBar e Be 227174 9.4 ~0
O—=450 7500 1550 1600 _ 1650 17
pK,. Mass (GeV/c?)

O Significances in these data were largely overestimated and high statistics searches gave negative
results (See for example BaBar: Phys.Rev.Lett. 95 (2005) 042002, FOCUS: Phys.Lett. B639 (2006) 604) .

~
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/
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O Multivariate Analysis (MTVA) selection.
0 26,007 & 166 A} events with 94.6% purity.
O The Dalitz plot shows rich A’s resonant structures

along the pK ™~ axis.
O Unexpected structure along the J/vyp axis.

2 2
M0 [GeV7]
N N
= »

N
N

18

16

3
_OT\J
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/ ‘ Observation of J/¢p resonances in A} — J/¢pK~ decays in LHCb I \

P
K_
0 il
: Ap pe
rimary vertex
< F 1 T T 3
o 7000 -
= o LHCb n ]
T 6000 =
2 5000 =
[t ~
2 = =
(G 4000 ) ]
3000 E
2000 3
1000 =
0 & T n n res i et it i m_
5500 5600 5700
my.xp [MeV]

(PRL 115, 072001 (2015))/
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/ ‘Amplitude analysis and mass projections '

O Key point is a full amplitude analysis which also describes the complex resonant
structure in the pK ™~ final state.

O The analysis requires the presence of two new resonances (labelled P.).

% 2200 * —=— data % 800
=P —e— total fit =
background
31800 : @  LHCb s P (4450) IL?«?OO
= —=— P(4380) @
£ 1600F - A(1405) £ o0
S -+ A(1520) 2
3 1400 A(1600) 1T 500
1200 A(1670)
¥ —oee- A(1690) 400
1000 P -+ A(1800)
i .!ﬂ B+ A(1810)
800 . ; --4-- A(1820) 300
| A(1830)
60O ¢ a-- A(1890) 200
400 -uge-- A(2100)
e A(2110) 100
200
94 - 1. S 1.8 _. S = . % 0
my, [GeV]
(@) (b) K
_ g J / '[l) W ( u K
b W c\ p
AO u 0 b < P
b S Au—=——-_T—3 €
d . b d
3 A d—o>—o 5> 4

Q’RL 115, 072001 (2015)).

~
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/ ‘ Resonances parameters and angular analysis ' \

Resonance Mass (MeV) Width (MeV)  Significance  Fit fraction (%)
P.(4380)T 4380 + 8 + 29 205 + 18 + 86 90 8.44 0.7+ 4.2
Pc(4450)+ 4449.8 £ 1.7 £ 2.5 394+ 5+£19 120 4.14+05=%1.1

O The best fit has J© =3/27 and J" = 5/27.
O Good description of the angular distributions.
O Measure the real and imaginary parts

of the P. amplitudes (prL 115, 072001 (2015)).

O Argand Diagram consistent with expectations

. . . A{1670
from a Breit-Wigner behaviour. ool A6
_ — background ~#-A{1800
B i -l st et el e A il Ladd Al et ittt L P(4450) iﬁggg
< oif E < P {4380) A{1830
E b -#-M1405) L geg
005 E _F -o-allS820) oo
| e & : sSERs e e
005 = f—t —t—t
0.1 + —
015 :3 -
0.2 : 3
'0-25.:7 ! _f ' =
‘LHCb + -
U T TN FTTY PRSTA FRETY NUTY PETEY PIUTE PUT: ATUTA SRUTU TN FRUTY PRUTE PRTTY POTTY STPTN FITTN TS

-0 cliiialoaaslianalinasly il 11 sl Ty el il 11 1 alogaadssralaasid
0.35 -0.3 026 -0.2 -0.15 -0.1 005 0 005 0.1 015 01 005 0 005 01 015 02 025 03 035
Re A% Re Af

Q Model independent analysis gives consistent results (Phys. Rev. Lett. 117, 082002 (2016)). /
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/ Search for other P.;' decay modes I

O Finding the same P, in other channels is helpful to understand P, production
mechanism and internal structure.

0 Two P, production mechanisms predicted.

b-c b —» u & cc from sea quarks
a
W g K@) /uK )
! ' £ u W |
C
T : é )
J s C

O The two cases can be tested using the R, x ratio which is expected to be very
different.

B(A) — n~ P)
B(AY — K- P)

\Cheng, Phys. Rev. D 92, 096009 (2015),Hsiao, Phys. Lett. B 751, 572 (2015)

/K —

~ 0.07—-0.08, Rr/x =0.58=x0.05
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/ ‘ Study of A} — J/vypr~ decays in LHCb I \

O Branching fraction for the Cabibbo suppressed Ay — J /pr~ is &~ 8% of the
Cabibbo favoured A} — J/¢¥pK~ decay mode.

O More complex because of the possible contribution of Z.(4200)" — J/¢mw™
(observed by Belle in BY — J/ YK 1™ (PRD 90 (2014) 112009)).

—_— T T T T T T T T T T T T

LHCb M
sig = 1885 £ 50

~17% bkg

|RAAE RLES LAAS RALS RARE LEAE RELE I

mi}zpn [GeV] Nucleon excitations "

O Full amplitude analysis. Accurate description of the rich resonant structure in the

pr~ final state.

Ay — J/YN* (= pr7), Ay = 7~ P (= J/vp), Ay — pZ.(4200)" (= J/om)

st. Rev. Lett. 117, 082003 (2016) /
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‘ Study of A} — J/ypr~ decays I

3 4%k © LHCb
5 —

: w/ exotics
B 30F :
@ 25¢ =
=2 ook " 3
@ 20F Wl |w/0 exotics 3
> 15F 20 -

0 e

O Z.(4200)", N* and exotic states parameters fixed.
O Each Pc: 4 free parameters +6 ﬁxed to that from AO — J/wpK
4 ! D ' '
%2005 '—HCb —-—REI\i/tIaN *+Z+2P, ]
=180 |, . EM N* E
S N(1440 E
8160- } -------- NE1520§ ]
140F e N(153) E
B10F ) NE1675; E
()] — N(1720 i
giwop  pby NC I
gof ¢t P,(4450) E
: e Po(4380 E
60F & hu zcé4zoog ]
40F
20F by _
01 T - ——— 'uvn‘..,,—j,__--‘__ag
My [GeV]

O Significance of the

two P is 3.10.

O The b — c diagram strongly favoured.

st. Rev. Lett. 117, 082003 (2016)

m,, [GeV]

Prediction
—0.07~0.08

0.033

0.050 +

P.(4450)*

+0.016 +0.011
70014 “0.010% 0.009

P.(4380)*

0.01600%¢ + 0.025

0

0.05 0.1
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/ ‘ Resonances decaying to J/v¢ in BT — J/{oK™ I \

O The X(4140) state is first claimed by the CDF collaboration in 2008. (PRL 102 242002).
O Narrow width: I' = 11. 7+ o £ 3.7 MeV. Many experiments results.

PRL 102, 242002 (2009)
8 Freliminary | |
© 6 T o 14-"' L —
5 5 5 ] " '.‘.’ - .' . —
g § "o<l.9 ', .l 2
- 4 K I8 121K @
-3 " 2
- : s
[1+] =
O 1 i ! S
L & 12 1.3 i e Wl o) (GaVE) o 0] PRD 91 012003
Iy 6 ) (GeVl
m(p* KK )-m(uty) [GeVie?] M(J"W‘) mu p K K)-m(uty) [GeV/c?]
Ny 250 7T T T T T T
9] L B
PRD8g, 012004 (20]4) Phys. Lett. B 261 (20 > C (b)’
PRD85, 091103 (RC) 2012 = 1' y oms. § f,r V, L5 2 " 734; B _( 14) . % C BaBar ]
037 fb! : DO Run II,10.4fb" 4 Data e iy ' = 2001 .
no evidence - i : —— Giobal fit o L ]
w 8 i Full Fit semsess Thiea-body PS (global firy N - ]
o --31 G>5 1o unvertainty band - e .
- - [ O=I «x X(4140) b - —— Eventniing (. & K) o 150 -
T 6 3 r - b= vent-mixing a C i
E - 4 oFl.7 -.-X(4330) - 1 L S -
a4 LIL i g e 3 LA\ 1 4t @ 100
B8 g 20' A I k.1 _ [ | B s r hd
c 2r T T t e 2 T
[&] o T Nl _[_1._], B L ; B 50 + .
1000 1100 1200 1300 1400 T --“ g - ATE——————— | TP | : %
g o o g + 4 |
M(J/p -M(J/p)[MeV] My K*K) (GeV) m{utK'K)-m(uy) [Gev/e?) é gLl oo o el e o o T
my,, (GeV/c))

O Summary of the experimental evidences.

Experiment CDF Belle CDF LHCb CMS DO BaBar
year 2008 2009 2011 2011 2013 2013 2014

\ Significance (No) 3.8 1.9 5.0 1.4 50 3.1 1.6 /
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/ New results on BT — J/9¢K™" from LHCbI \

O Update of the analysis using Runl data (3fb_1) (PRL118, 022003 (2017), PRD95, 012002
(2017)).
O Six dimensional amplitude analysis.

O The best fit requires the presence of four X states and a non-resonant term.

4,289+151 signal events - —=— data
e | B 2 r + —e— total fit
2 400 s 120:— + LHCb —— background
_E 350 E 100 I NR
Z 300 LHCb = o K(1%)
£ 250 S F Kay
" w0 w0f = K@)
X
150 sideband OF —— K (29
100 ; ; ok —— K(0)
KAt - = ‘ == 1" X (4140)
L~ T ' T T S o 4108\ 4200 4400 45 " 4700 4800 == 1" X (4274)
3520 5240 5260 5280 5300 5320 5340 5360 m MeV] e 0F X (4500)
. m,, o |IMeV] iy ' N
signal R 777 0" X (4700)
—— 0"NR,, .
range X (4140), X (4274), X (4500), X (4700)

. /
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New results on BT — J/9¢K™" from LHCbI

O Resonances parameters (prL11s, 022003 (2017)).

G | JC|  M(MeV) T (MeV)
X(4140) | 8.4 | 1+ | 4160 +4*5 | 83+21+2
X(4274) | 5.8 | 1** | 4273+8*'7 | 56%11*8
X(4500) | 6.1 | 0* | 4506+11*12 | 92+21+2
X(4700) | 5.6 | 0* | 4704%£10*% | 120+31+%

O The X (4140) is not a narrow resonance.
O A possible diagram for producing a 4-quark state.

R
g
‘5?

_.\'\

}

Q Lot of discussions. Interpretation of these states still open.
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/ ‘ Study of B — /7~ K* in LHCb I \

O First analysis from Belle: observation of a new Z.(4430)" — ¢/n~ in B — Kn ¢’
(PRL 100, 142001 (2008)).

O Not confirmed by BaBar: data could be described without the presence of a
ZC(4430)+ resonance (PRD 79, 112001 (2009)).

O Recent analysis from LHCb (prL 112, 222002 (2014)).
O BY signal: 25,176 events (Belle: 2,010, BaBar: 2,021 events).

& n
- -
L 22 —
3 ]
r 21 —
ol = _
19 =

18 -

17 —:

16 —
sideband 15 . |_:
0.5 1 1.5 2 225

mz._ [GeV~]
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‘ Study of B® — ¢/n K™ I

O Amplitude analysis confirms the presence of the Z. resonance (PRL 112, 222002 (2014)).

1.0<m <
1.8 GeV?

One Z
12 p-val

O Argand diagram shows typical resonance behav1our. Resonance parameters:

. all LHCb

- data
-=— total fit
. background
——2Z(4430)"
K*(892)
— K" S<wave
——K*,(1430)
ue K*(1680)
K*(1410)

b
-
g

1920 21 '
e

0.2

-0.2

-0.4

M(Z.) = 4475 £ 7112 MeV, T'(Z.) = 172 £ 13737 MeV.

O In good agreement with Belle.

O Possible presence of an additional Z. at a mass of 4239 MeV.

0O Z. is a charged charmonium state

N "

(=7 (o} o1k =

—_—

. Multiquark state?

ZulK @
3*“@}

02
Re A”
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O Q. quark content: ssc.

o

Mass [GeV/c?]

/ Baryon spectroscopy: New (). states '

O Heavy quark effective theory (HQET) predictions for 2. states.

3.5E 3
3.4 = =
373 = Q(2p) %i2P) Q. op) 22D 72 7 = A

] TR SRR R T 57 > rZeArA A K K
"3 L 77 7 7 7/ Em
P78 R o~ I O (LD QU 1) Qo1 D) K ‘é--:D

;&%Qz“mm B ERgY
3.1:—%k """"""""""""""""" &d o= K T

;:;\(zs)ﬁcﬂﬁ"'_::'/:"i-::::::::::::::::::::éa‘cfnn
3:.._==C======Q= _Q._=(§c2'%::::::::::::::::::::Eg‘c}gn
29F =
2.8F ' -

= 2, 3
2.1 Z& o 3

C o =
2.6F -

L S p P P P P D D D D D D

jqq 1 1 0 1 1 2 2 1 1 2 2 3 3

g I3 r r 3 3 5 1 3 3 5 5> T

2 2 2 2 2 2 2 2 2 2 2 2 2

O Only 1/2" and 3/2% ground states were known.
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/ ‘ Observation of five new (). states in LHCDb ' \
O Explore excited (). states in their strong decay to =) K~ (pPrL 118 (2017) 182001).

O Make use of data collected at 7,8 and 13 TeV (3.3 fb™').

0 =1 reconstructed in the Cabibbo suppressed mode = — pK 7.

C

0 ~ 10° = reconstructed with a 83% purity.
0 =F combined with a prompt K : five narrow (). observed.

C
O No structure in the =} sidebands or in the wrong sign =1 K mass spectrum.

S 80000 > 800r
O I g i
- - Q|
g 60000_ ~ 600
70] ) -
Q -

= : s |
'—é 40000_ 'c% 400
S ©
200007 200L

O_"""""""" 07‘|HH\HH\HH\HH|‘

2440 2460 2480 2500 3000 3100 3200 3300 3400

\ m(pK 1) [MeV] m(Z'K*) [MeV] /

40



from 0.7 to 1.7 MeV.

O Resonances parameters.

O Account for feed-down from Q. — K~ =, (—
O Model enhancement at ~ 3200 MeV with one Breit-Wigner.

/ ‘ Observation of five new (). states ' \

O Describe peaks with relativistic Breit-Wigner convoluted with Gaussian with o

=eY)-

VN T T | T T T T | T T T T | T T T T ]
% 400__ LHCDb ] Resonance Mass ( MeV) ' ( MeV)
E i 4 =K 1 ©2c(3000)°  3000.4+02+01703 4.5+ 0.6 £ 0.3
Z i jg‘;lclkztround 1 2:3050)°  3050.2+0.1+01703 0.8+ 0.2 +0.1
§ 300__ Feed-downs | < 1.2 MeV, 95% CL
5 - Zlsidebands | ©Q.(3066)  3065.6 £ 0.1+ 03793 3.5+ 0.4+ 0.2
eS I : 0 +0.3
Q¢ (3090 3090.2 + 0.3 + 0.5 8.74+1.0+0.8
= 0L 1 2c(3090) +0.3+05793 +1.0 4
O i f Qc(3119)0  3119.1+0.3+ 09793 1.1 +0.84+0.4
- < 2.6 MeV, 95% CL
100 Q. (3188)0 3188.1 + 4.8 + 12.7 60 + 15 + 11
3000 3100 3200 3300
0 m(__+K ) [MeV]
Q QC(3050) and (2. (3119) exceptionally narrow (prL 118 (2017) 182001). /
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/ ‘ Observation of five new (). states ' \

O Comparison with theoretical expectations.

= — 100

3 L f ]

= = = | 1

e D 3 = ok - S-wave E

A0 g, 077 3 2 - ]
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oo Doz Fq 3119) | E

_________________________________ €00 3 %(3090) 50:; .

A Al 36:30%) 5ol E

) A """""""""""" ~4Q:(3000) 3 ]

0 ch ch €2 QCQ _: 40} —i

3 30i E
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3 mE / E

B e N S PR N PR R
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J g 1 1 0 1 1 2 2 1 1 2 2 3 3 m(Z; K) - m(Z}) - m(K) [MeV/c?]
gpor 3 r r 3 3 5 1 3 3 5 > 7
2 02 2 2 2 2 2 2 2 2 2 2 2

O D and P-wave states may be narrow (G. chiladze, A. Falk arXiv: 9707507).
O Need to measure the quantum numbers of these states.

O Many phenomenological interpretations, including the possible presence of

pentaquarks.

. /
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/ Confirmation of the new (). states .

O Very recent Belle analysis (arXiv:1711.07927,21 Nov 2017).

O Use of seven ZF decay modes: (2 w7 n", AK 7nrnT, =0t =20t
STK 7, AK2nt, and X°K)n ™). ) -
a
0 =f K~ mass spectrum from =7 signal 20 |
25
region, wrong sign and sidebands. 20 | |||| ," } } }
15 ||| bl 1
,.!|I p in.l! I.":“ ] "i b, i!"' '| I' z!u tle ILLJ.T d '||L ! it "8,
.pl ; | I | I | { I;I
45 (b)

EE ; } '!Jjnﬂ'llla"'" M ||| } ||||'||:I |ll| !L + '

Events/2 MeV/c?

18 | | | | | T (©)

bl el ||!I.. d ||||||. 'I\ ||

'ri' il || """ '| Teh "'" "i T LEe ST i

L—‘

l 1 1
3 3.'05 3.1 315 3.2 3.25 3.3

M(Z:K) (GeV/c?)

E Mass spectrum fitted using the (2. parameters measured by LHCDb.

/
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/ ‘ The search for double charmed baryons =.. states ' \

O The first claim for observing the Z. (dcc) state comes from SELEX experiment

(PRL 89 (2002) 112001, PLB 628 (2005) 18)

U T
2 L
> )
(3]
N A: KnandD" pK = 80
D r ] -
s 8¢ « F |
1 . = 60[- ‘
%} fitted masses: J 3518(3) and 3519(2) z il
a7 2 3 :
§ : MeV/c S 40 i
@ 6F g L
g h?20FMmMwuMMHWTMh$MHW%Hw¢wwwwmbﬁmq
5 L i
4 < F NaBar =+t s AtK— ot ]
: S F BaBar = ;" — ALK n'm E
g 5 255 d) E
3t A0 Y F .
: - 20 £
[ « r
2r- Z 15
L 2 C il
£ { H S 10F §
10 1 y T F i
s s 5B =
[ TR Hl BN I MEffrTeE N N _E'JU .v o st L B | | | E
3.46 348 3.5 352 3.54 3.56 3.58 I 0 1.1 = '1.2‘ — '1.3' = '1.4' = ‘1.5
Mecd) AM(E_-A}) (GeVich)

O Not observed by BaBar (phys.Rev. D74 (2006) 011103), nor by Belle (Phys.Rev.Lett. 97 (2006)

162001).

Q Different production mechanisms? /
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/ Observation of the double charmed baryon =1 in LHCb I \

O Search for the Z1F (ucc) using the decay (Phys. Rev. Lett. 111 (2017) 180001).
St S AK T, A= pK xt (BR = 10%)

O Analyze 1.7 fb~! of Run2 using a dedicated high efficiency trigger.
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O First observation.
O No signal observed in the A. sidebands, no signal in the wrong sign AcK 77~
combination.

O Consistent signal also observed in the Runl data.

/
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O Significance > 120 (Phys. Rev. Lett. 111 (2017) 180001).

O Yield 313 4 33 decays.

Observation of the double charmed baryon EQFCJF \

T T T T T T T T I T T T T [
180 1 HCb 13 TeV LHCb 13 TeV

ke C ] ke N ]
> F 1 = 40F =
2 160 = 2 - ]
E 140E- ~+Data E E 120 4 Data ~
= —Total ] 5 100 - —Total E
= 120 . Signal E = - Signal :
2 100F  ---Background . £ 80F ---Background ]
= - = - .
E 80 1 g 60 .
60 = — n N
U 40§ ERNRE® E
SoF ' 3 0fF t 3
0 T T S N I 0 Y S S .
3500 3600 3700 3500 3600 3700
—++ —_
m., (Ze) [MeV/c?] m,, (Ze) [MeV/c?]
O The signal persists after a lifetime cut.
0 =17 parameters.

m(ZLT) = 3621.40 4 0.72(stat) £ 0.27(syst) = 0.14(A.) MeV

O Mass difference with respect to the possible SELEX isospin partner: 103 £ 2 MeV.
Q Inconsistent with expected isospin splitting for Z.. /
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‘ Amplitude analysis of A, — Dpr~ in LHCb I

1D, 5/2*

1D, 3/2*

1P, 3/2°

1P, 172"

1S, 172%

A (2880)*
?

A(2625)"
A (2595)*

O The A. spectrum needs to be completed.

Candidates / (5 MeV)

O Explore the A. spectroscopy using the D°p final state (JuEP 05 (2017) 30).
O The inclusive Dop was studied by BaBar (prwL 9s (2007) 01).
O High statistics clean A signal in LHCb (11,200 events, 86% purity).
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/ Amplitude analysis of A, — D°pr™ I \

O Follow helicity formalism to describe 5D amplitude of D%p R J—

_ 2 128 LHCh 2 504 By
and pm~ masses (JHEP 05 (2017) 30). 2 SR
. . . s 105
O Dalitz plot and D°p mass projection. § 9k
8
i
6k ?LLOOO&
+ . P + sk N3 R
O A.(2860)" parameters (first observation), J© = 3/27: R
2.8 29 3
m = 2856.1—'__?'2(stat) + O.5(syst)__'_51—):é(model) MeV M(D"p) [GeV]
_ +10.1 +5.9
I =67.6 stat) = 1.4(syst model) MeV . —— —
g.1 ) (syst) T 0.0 ) Me 5\300:_ T l — A(2880)
5 i —— A(2940)
O - LHCb +
O A.(2880)" parameters, J* = 5/2" preferred: & 250F o Eﬁv"pgg_i
O : ----------- D”
m = 2881.75+ 29(stat) :I:0.0?(syst)—’__gég(model) MeV g 200: ........... NRD”‘Z(3/2_)
= 5.433_.07'177(stat) + O.29(syst)t8:gg(model) MeV :': B -—-- A.(2860)"
PR LT K ik 200 | S NR,,(1/2")
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FO -
3.5 0.1 = K
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8.2 5.2
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\ t (Dop) /
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/ | Conclusions '

O LHCDb is a flavor factory, exploring a large set of physics topics.

O In particular, in the spectroscopy field, many new unexplored regions are being
studied.

O These studies are producing unexpected results, such as the discovery of “exotic”

states, or the observation of many unexpected resonances and particles.

O Basic ingredients of these results are high statistics and purity of the final states

and highly sophisticated and newly developed full amplitude analyses.

O This field is in rapid development and much more experimantal and theoretical

work is needed to understand the full pattern.

O Many more analyses are underway, making use of the large amount of data which
are being collected at LHC.

-
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