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@ Wide range of spectroscopy analyses performed at LHCb

@ Talk will focus on most recent results
@ Will cover meson spectroscopy and exotics

D spectroscopy in inclusive D*K
Light spectroscopy in D° — KOK 7~
Pentaquarks in A% — J/ib pK~
Tetraquark search in B+

@ All results based on analyses of full Run | dataset
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The LHCb Detector

@ Instrumentation
in the forward
region
(2<n<b)

@ Excellent vertex
reconstruction

@ Precise tracking
before and after
magnet

@ Good PID
separation up to
~ 100GeV/c

Int. J. Mod. Phys. A 30 (2015) 1530022
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DZ Spectroscopy

@ Meson spectroscopy tests e
refine models of QCD oo s R

4 . ; 3018 2899 270 BT
@ DJ mesons particularly 2 2800 by 22 m
. . . <3 gy 25562202
interesting with one heavy -, | &=
. Z [
and one light quark 2 o [ D, Mass Spectrum

@ Unexpected large mass
splitting seen between the ' %5 55 7, , °p, ', D, b, F, F, °F,
1P states @GEEUELS R JP= 0717 0f 1t 2t 172737 2F 3t 4t

@ Two states recently
observed by LHCb
considered two of the four

1D states (EATIEEIEID

@ At least three more states
expected up to 3 GeV/c?
o all with unnatural J?
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D¢ Spectroscopy

@ Inclusive analysis of pp — D**K9X and D*°K* X decays

@ Use D*t — DOzt DO — K==t (shown) or K~ ntatn—
and D* — DO7% D® — K—z* decay chains

@ Builds on previous analyses of DK+

@ Access to natural (NP) and unnatural (UP) spin-parities

@ Plots show (a) |cos 64| < 0.5 and (b) > 0.5 to emphasise
NP and UP components

e Resonant contributions seen due to Ds1(2536) 7,
D:,(2573)", D%, (2700)* and D%,(2860)* resonances
e Weak evidence for structure around 3 GeV/ c?
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D¢ Spectroscopy

@ NP and UP resonances identified by helicity angle
distribution of D* decay

@ NP resonances follow sin® 6 distribution
UP resonances follow 1 + hcos? 0y

Expected distributions seen for (a—c) D}, (2700),
D%;(2860)" and Ds,;(3040)"

@ Data consistent with additional UP contribution in
2.86 GeV/c2 region

) 6000 - 1000 ~ 2500
tg % 900 tg LHCb
8 xop & om g 2000;{, (9 Dy(3040)
3 T 700 <] \
g /ﬁ Er 2 1o
3000 500 \
20005 LHCb g 10007
/ (@ Dsl(2700) 20 LHCb ok
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FO , L . , .
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cosfy cosf,, cosf,,
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D¢ Spectroscopy

@ First observation of D%,(2573)* — D** K decay

@ Branching ratio relative to D},(2573)" — D" K? measured
to be
B(Dz,(2573)" — D**K?)
B(D:,(2573)" — DTK?)

= 0.044+0.005 (stat.)+0.011 (syst.)
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@ Dalitz plot (DP) analysis of D° — KOK* 7T of interest to
determine CP violation as a function of position in the
phasespace

@ Amplitude model would offer improved sensitivity to the
CKM angle v in analyses using these final states
compared to the alternative “coherence factor” approach

@ Also an excellent environment in which to study
light-flavour spectroscopy

@ Use D*t — DOxf . D° — KOK*nF decay chain

@ Charge of the slow pion tags flavour of D° meson
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@ Analysis uses pure sample of — 200 —
110000 D° — K?K— =+ and < ii
80000 D° — KOK*n~ decays =, |
@ DP distributions show clear s 12 1
structures in m(K%7*) and in o |
+ ’ : ]
m(K:Fﬂ- ) 0.6 1
@ Structure also in m(K°K™) G4p, T ]
; 04 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
@ Model constructed using the M [GVY ! |
isobar formalism 20— —
= st i o,
MKgKiﬂ—:F(mKsoﬂ—ia Mgsqt) = :Z‘ N i
ZaReI¢RMR(mK§Wi7mK¥7ri) g 19t ]
R 1.0+ -
0.8 |- fee —
@ Two alternative models used for 0o il
. 0.4 B
Compllcated Kﬂ- S-Wave ().‘l ()1(1’ (l‘.S 1ill l‘l 1.‘1 11(1’ l‘.:i 2.0
components — GLASS and LASS i [GeVe!
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— Total
— K*(892)*
(K? “)@ wave
K'(1410)°
,,,,, (KM% yaye
wans K4(802) x K'(1410)°
eonon K*(892)" % (K70)% e
(KO % K (1410)°

— Total

— K*(892)~

oo K3(1430)°

o (K70 e

oooon a(980)

aaan K4(892)7 x K*(1410)°
(K87 g e X (K70 $ e

K3(1 l.zm“ x ag(980)*

@ Both fit models (GLASS shown) give good agreement with

mass projections of datasets

@ Models favour small (~ 1 %) but significant contributions
(2ALL > 150) from p(1450,1700)* resonances previously

seen by OBELIX
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@ No significant CP violation observed

@ Consistent with CP conservation with p-value of 0.54
(0.45) for GLASS (LASS) fit model

@ BF ratios measured for the full decay and the K*(892)* K+
region

B(D® — KOK*7)
B(D® = KOK—=)
B(D® — K*~K™)
B(D° — K*+K")

= 0.655+ 0.004 (stat.) £ 0.006 (syst.),

0.370 == 0.003 (stat.) == 0.012 (syst.)

@ Improved measurements of coherence factors (shown for
GLASS model)

RKSOKw = 0.573+0.007+0.019 Rk+x = 0.831+£0.004+0.010
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@ Various LHCb analyses have observed/confirmed exotic
states
@ Resonant nature of Z(4430) determined from
B® — (2S)n~ K+ decays
e Observation confirmed by model-independent analysis
@ Quantum numbers of X(3872) confirmed from
Bt — Jj pPK+ decays
@ Will focus on most recent results...
%ol LHCh ]

5
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Pentaquarks — A9 — J/i pK—
@) (b) s
Iy Zu

d—>—\}

@ Feynman diagrams contributing to gt
A% — JjppK— allow for resonant g
contributions in (a) m(pK~) or (b) =
m(J/y p)
@ Resonances in m(J/4 p) have a e
minimum quark content of ceuud 84 e
@ Recent LHCb analysis based on a pure Ezj
sample of 26 000 signal decays

@ 6D amplitude analysis performed L B
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Pentaquarks — A9 — J/i pK—

%\2200 —=— data
= 2000 i —e— total fit
a) LHCb background
<isoof ¢ @ @ P(4450)
2 —=— P,(4380)
'© 1600] & --p-- A(1405)
[ i --3-- N(1520)
(3 1400 19 A(1600)
1200| Hi N(1670)
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] A-- N(2110)
200| 3
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PR jS‘&_ o 1 @ Two peaking components
’ ] in m(J/y p) with opposite

P,(4450)

i T eewo ] parities required to fit data
H ] @ Phase motion of each
N LHCh £ ] component consistent
’ T e es with that of a resonance
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Pentaquarks — A9 — J/i pK—

@ Could data be explained entirely by m(pK~—) structures?

@ Test hypothesis with model-independent analysis

@ Bin data in m(pK™)

@ Describe angular distribution in each mass bin with sum of

lmax
Legendre polynomials g 30— =3 (P/) Pi(cos 6a-)
i=0

@ A* resonances of spin j give non-zero
contributions up to 2/ moment <Pg>

gy [MeV]

@ Higher spin resonances are heavier

@ Use theoretical predictions and
experimental results to set
Inax(Mpk ) for all masses within the
kinematically allowed range
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Pentaquarks — A9 — J/i pK—

@ Resonances in m(J/iy K—) or m(J/ p) introduce sharp
structures in the angular distribution

@ Compare null hypothesis (moments up to hax) with
alternative hypothesis (include higher moments)

@ Construct DLL from ratio of likelihoods and compare data
to toys assuming null hypothesis

@ (Left) reject null hypothesis with significance > 9o
@ (Right) null hypothesis gives poor description of m(J/1p)

Yield/ (20 Mev)

Number of pseudoexperiments

)
5
my, , [Gev]
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BOn* spectroscopy

@ X(5568)* — BIr* decay reported by DO in February with
a significance of 5.1¢0

@ Signal implies large production rate within DO acceptance

po _ o(pp— X+ anything) x B(X — Bor)
Px = o(pp — B2 + anything)
= (86+£1.9+1.4)%

DOAcc.

2000 , DORunl, 10.4 ' . cormn oA
H
2 1500 g
F H
s ©
<] 3 -
N E E
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£ w
c E
) .
F Sk
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z 3 Pn
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BOn* spectroscopy

@ LHCDb search first reported at Moriond

@ Study based on large clean samples of B decays

@ (Right) no peak observed in m(B2r) from X (5568)

@ Upper limits set on production in the LHCb acceptance

LHCD {0.009 (0.010) @ 90 (95) % CL { 5Gev/c
pX, < B0

0,
0.016 (0.018) @ 90 (95) % CL 10GeV/c
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@ Inclusive D*K spectroscopy gives first observation of
D%, (2573)* — D**K?

e Dalitz plot analysis of D° — KK+ T shows no
significant CP violation but S|gn|f|cant
p(1450,1700)* — KOK* contributions

@ Model-independent analysis supports pentaquark
hypothesis for structures in J/v) pK~

@ No sign of X(5568) tetraquark candidate within LHCb
acceptance with 10 x DO statistics
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Backup
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K? Categories

magnet

T1-T3

Long tracks (30 %)

p . p ------- \ Not usable

Downstream tracks (70 %)
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D¢ Spectroscopy

— < chf" T T T T
3 3
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D. Spectroscopy
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D¢ Spectroscopy

Data Dz, (2700)*" D;,(2860)" X2 /ndf

(@) D**K? Mass 27323+43+58 2867.1+43+19

DO — K—nt Width 136 19+ 24 50+ 11+13
Yield (1.57+0.28) x 10+ (3.1+0.8) x 108 94/103
Significance 8.3 6.3

(b) D*+K? Mass 2729.3+3.3 2861.2+4.3

DO — K—xt Width 136 (fixed) 57+ 14

NP sample Yield (1.50+0.11) x 10* (2,50 +0.60) x 103 90/104
Significance 7.6 71

(c) D*tK? Mass 2732.3 (fixed) 2876.7 + 6.4

DO — K—7t Width 136 (fixed) 50 +19

UP sample Yield (0+0.8) x 10° (1.0+0.4) x 103 100/105
Significance 0.0 3.6

(d) DFK? Mass 27255+ 6.0 2844.0+6.5

DO — K-atztz=  Width 136 (fixed) 50 +15
Yield (2.6 +0.4) x 10° 490 + 180 89/97
Significance 4.7 3.8

(e) DK™ Mass 2728.3+6.5 2860.9 +6.0
Width 136 (fixed) 50 (fixed)
Yield (1.8940.30) x 108 290 + 90 79/99
Significance 6.6 3.1
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D. Spectroscopy

Resonance J”  Function  x?/ndf
Ds1(2536)F 1T 14 hcos®6y  0.1/3

2+ sin® Oy 2.2/4

1~ sin® 0y 11.4/7

3- sin® 6y 13.4/7

UP 1+ hcos?6y  8.0/6

1 §jm: +¥ ;

b J x: LHCb :

zooo— (8) D(2536)" ol (b) DL(2573)"

%1 o5 o 05 cosGHl s 0 05 0059:
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LHCb
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Fixed parameters

28

Parameter Value
K-(@o2): M 891661026 MG
] 50.8+0.9 MeV/c?
P LB T Floated params (GLASS) Floated params (LASS)
(4107 1" 02300021 Gev/?
P mp 143550005  Gev/c?
(Kmswae 1,  0279:0006 Gev/e? Parameter T "g“:i o a— Parameter Value
: 7 Kgo2): [ N e me 8934 L0151 MeV]
Kooz M 895945022 NMV/G fn 469:03425  MeV/@ K-(892)* " e x e
n K(1410)* _Tn___ 210220+ 60 M/ lr  474+03+20 MeV/
Ke(1a100 MR F 7.785 (ixed) K(1410)* Mg 1437EBE16 _ Mev/
Ma a 47+04+10  (Gev/e)™ by 6030 + 40
. mg OF 0.28+0.05+0.19 by 4+£1+5
(143000 05 28102405 by 80£02:07
" 3 r 53:04+19 My 140419122 M&/Z
(K)swave 1y K-(latop M 1azi8rd B, 130+30+80
r 1 s 270+20+40 b 6+1+14
a K 1 F 0.15+0.03 £0.14 by 25+01+£14
mp 0.980+0.020 a 42+03+28 r (Gev/c)~!
20(980)* o415 (Ko 0F  ~25%02410 2(980)° __mp 9251518 MV &
o 9 6 ~11206+13 1as0).  MA 145814515 MoV
= 1 30504417 (450" 17 agpi12413  MeV/E
w1320y MA 13181500007 2(1450)" ma 1430£10::40 (14500 _ms 12081849 MeV/
a fp  0.1098+0.0024 /(1450)°  Tp 410£19+35 v/ P(T700)=  mp 155213526 MeV/:
—— 14750019 P(700)F  mp 1580210540 Mov/c
2140° 1) o265:0.013
_ mp  1.182:0.030
#(1450) s 0.389+0.020
~ mp 1.594%0.020
AI7007 b 025040020 Gev/?
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CPV parameters for D° — KOK 7+

Aap Adg(°) A(Fit fraction) [%]
Resonance GLASS LASS GLASS LASS GLASS LASS
K*(892)" 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 06:1.0=03 09:1.0£03
K*(1410)* 0.070.06 = 0.04 0.03+0.06+0.04  39+35+19 20£29=19  14:08+02 1.2£16+0.2
(K97 )swme  0.02:£0.080.07 ~0.05+£0.08+£0.07  20£17+00 20+17+0.0 1+4£3 —23+35+33
K*(892)°  —0.046+0.031+0.005 —0.051+0.0304+0.005 1.2416+03 15+1.7+03 -043+0.30+0.03 —0.47+0.29+0.03
K*(1410°  0.006::0.034+0.017  0.020.04 £ 0.02 21545 —3£6+5 0.3+1.0£0.1 0.4+£0.7£0.1
(K7 )swwe  0.05:£0.040.02 0.03+0.04+£002  04+16+06 1.0+£14:06 22+13:04 26+22+04
2(1320)-  ~0.25+0.14+0.01 ~0.24+0.13+0.01 2+9+3 ~1+£9+3 ~0.20+0.13£0.05 ~0.15+0.10+0.05
2,(1450)~  —0.01+0.14+0.12 —0.13+0.14 £ 0.12 0+£5+4 —4+6+4 —0.0+0.4+04 —0.4+0.4+04
p(1450) 0.06+0.13+0.11 —0.05+£012+£0.11  —13£10£9  -5+9+9 0.3+07+06 —~0.3+07£0.6
CPV parameters for D° — KOK*r
Aag A(Fit fraction) [%]
GLASS LASS GLASS LASS GLASS LAS!

K~(892)" 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 71207202 09+07%02
K*(1410) 0.05+0.12 +0.08 —0.030.10+0.08 —6+4+3 —3.0+36+28  06+27+24 —244+2
(KOn )swwe ~ 0.10:£0.25+0.24 ~014+025+024  —77+34+£00 -8+4:0 2646 414646
K*(892)°  —0.010+0.024+0.001 —-0.012+0.022+0.001 —1.4+29+22 08+28+22 —04+04+00 —0.4+0.4+£0.0
K*(1410)° 0.100.10 £ 0.09 0.19:£0.130.09 —1+9+8 9498 1.9£1.1£0.2 1.6+£0.8:+£0.2
(K™ )swave —0.07+0.06 + 0.05 —0.12+0.06 + 0.05 —2+4+4 2+4+4 ~4+5+5 ~9+6+5
20(980) 0.06+0.04 + 0.01 —345+2 —09+31£22  22:28+24 46+33+24
2(1450)*  —0.11+0.10+0.04 10+£8+5 5+:6+5 02120304023 —0.4+0.4+0.2
p(1700)* ~0.03:£0.13+0.09 4+6+2 2+5+2 ~0.07+025+019 -0.27+£0.27+0.19
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Pentaquarks — A9 — J/i pK—

simulation
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(Left) Dalitz plot distribution of data compared to simulated sam-

ples of (top) A* resonances and (bottom) two pentaquarks
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BOn* spectroscopy
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(Left) Plots m(B%r™) distributions with best-fit signal yields
(Right) Control fit to m(B°# ) distribution
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BOn* spectroscopy

B - Dyt BY = Jipo Sum
N(BY) Blpr> 5Gev/c(10°) 663+03  463:02 112604
N(BY) B pr>10GeV/c(10%) 301+02  141+01 442402
NX) BYpr> 5Gev/c 23555 —15+37 8166
N(X) B pr>10Gev/c 70+ 48 11430 81457
&I(X) B pr> 5Gev/c 0.141£0.002 0.102£0.001 —
&e(X) B pr > 10Gev/c 0.239+40.003 023040003  —
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