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Outline

* Introduction to spectroscopy studies at LHCb
e Studies of charmonium states

 Excited charmed mesons

* Charmed and doubly charmed baryons

* Charmonium-like states

* Pentaquarks

* Selected topics on b-flavored hadrons

* Future prospects
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LHCb Detector

LHCb, Int. J. Mod. Phys. A30 (2015) 1530022

Forward spectrometer running in pp collider
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Excellent vertex and IP, decay time resolution:

* 0(IP) = 20 um for high-p tracks

* o(1) =~ 45 fs for BY - J /¢ and B? - D;n* decays
Very good momentum resolution:

* 6p/p = 0.5% — 1% forp € (0,200) GeV

* o(mg) = 24 MeV for two-body decays

* Cuopu

* >99%
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® 2 < n < 5range: ~ 25% of bb

pairs inside LHCb acceptance

LHCb MC
{s =14 TeV

Hadron and Muon identification

* €x kg~ 95% for €,k = 5% up to 100 GeV
~97% for e, = 1—-3%

Data good for analyses



Integrated Recorded Luminosity (1/fb)

LHCDb Integrated Recorded Luminosity in pp, 2010-2017
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2017 (6.542.51 TeV): 1.71 /fb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb
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Month of year




Physics program at LHCb

* Not only precision measurements in b, ¢ sectors
- CKM and CP-violation parameters
- rare decays
- testing lepton universality
* But also a general purpose detector
- electroweak measurements: sinf,,,, W/Z, top quark, ..
%pectroscopy, exotic hadrons ]
- soft QCD
- heavy ions
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Experiment strategies

* Advantage: high production rates
* Challenge: reconstruct an unstable particle from O(10?) tracks

vV tracking
— excellent mass resolution

| V particle identification
Primary Vertex (PV)

— no. of combinations reduced
é Vv Vertexing

Secondary Vertex (SV)

— weakly decayed particles
— particles from b/c decays
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Charmonia studies at LHCb

* At LHCb charmonia [cc]| may be accessed by
(- [~ prp)+X )
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Pull

Candidates/(2 MeV)

Muonic decays of y.1 and ¥ .

* 1t observation of y 12 = J/¥u u~

LHCb-PAPER-2017-036
PRL 119 (2017) 221801

* Competitive mass and width measurements

Fitted value
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4755 £ 81

3 969 + 96
3510.66 £ 0.04
3 556.07 = 0.06
2.10 = 0.20



Charmonia studies at LHCb

* At LHCb charmonia [cc]| may be accessed by
- [ec] = J/ (= pTuT) + X

. — LHCb-PAPER-2014-029
- —
[ lcc] - pp ] EPJC 75 (2015) 311
~ ] = 4000f—
3 n:(18) VaarTev i b 0.7fbl7Tev —
2 : 20fb 8Tev |
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/ S = 0.7 b1 7TeV
rimary Vertex (PV) | .. . .«

N

.
265050005950 B000 5050 5100 310 Mmoo 2%
Mipp) [MeV/c®)

B(b - n,(15)X) = (4.88+0.64+0.29 + 0.675)x1073
Secondary Vertex (SV) 15t Observation

Oy.1s) = 0.52 £ 0.09+0.08 £ 0.06,, , b s =7 TeV
=0.5940.11+0.09+0.08, 5 pb s = 8 TeV
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Charmonia from B™ - ppK™

 Exclusive reconstruction: clean sample, better control
of background and resolution effects
LHCb-PAPER-2016-016 _ B(B" - [cc]KT)xB([cc] - pPp)
PLB 769 (2017) 305 Rice) = B(B* - J/PWK+)xB(J /P - pp)
3 Ry.(2s) = (1.58 + 0.33 + 0.09)x1072
mitle 2 Ry(3770) < 10x10~2 15t Observation
Rx(3872) < 0.25 x1072
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Candidates/(5 MeV)
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Charmonia studies at LHCb

* At LHCb charmonia [cc]| may be accessed by
- [l = J/ (= pTeT) + X

Secondary Vertex (SV)

500

- |cc] - pp
[ - |cc| - ¢¢] LHCb-PAPER-2017-007
EPJC 77 (2017) 609
b - [cc](— ¢P) + X

- e —
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Charmonia from b - ¢p¢p + X

 Allow to measure production ratios

LHCb-PAPER-2017-007
EPJC 77 (2017) 609

Ci _

Cy, —

Bb— CiX)xB(Cy— ¢op)

Bb — CyX) x B(Cy — ¢ @)

1st Observation of 1.(2S) — ¢¢

R}(s) = 0.147 £0.023 £ 0.011
Xcl _

R)\s) = 0.073 £ 0.016 =+ 0.006
Xc2 _

R}Cs) = 0.081 +0.013 £ 0.005

RX! = 0.50 £ 0.11 £ 0.01,
RX2 = 0.56 £ 0.10 £ 0.01,

R = 0.040 £ 0.011 £ 0.004

* Competitive measurements of masses of widths

Measured value World average [14] E 40
M, qs) 2982.8 + 1.0 4 0.5 2983.4 £+ 0.5 @
My, 3413.0+1.940.6 3414.75 4+ 0.31 &35
My, 3508.4+ 1.9+ 0.7 3510.66 =+ 0.07
My, 35573+ 1.7+0.7 3556.20 =+ 0.09 30
M, s) 3636.4 + 4.1 +0.7 3639.2 + 1.2
T,.(18) 314435420 31.84+0.8 2
Tye@s) - 113735
20
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DS*) spectroscopy

 Strange-charm states studied widely to test QCD models

D;(3040)
D};(2860)
D’,(2700)
D:,(2573)
D, (2536)
D ,(2460)

States observed from B-factories and other experiments

D
’ - States with unnatural spin-parity (J” = 07,1%,27,...)
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DS*) spectroscopy

 Strange-charm states studied widely to test QCD models
- Inclusive pp — (D"'KO,DOK"') + X LHCb-PAPER-2012-016

JHEP 10 (2012) 151

D};(3040) D¢,(2573), Ds1(2700), Dg;(2860)
D’;(2860)
D;l (2700) ‘% 400: "% 2000

s | =
D;Z (2573) @ 200 @ 1000}
D.,(2536) % s

§ o S o
D,1(2460) :

D*KY invariant mass [GeV/c?] D°K* invariant mass [GeV/c?]

States observed from B-factories and other experiments

D

- States with unnatural spin-parity (J” = 07,1%,27,...)
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DS*) spectroscopy

 Strange-charm states studied widely to test QCD models
- Inclusive pp — (D"’KO,DOK"') + X LHCb-PAPER-2012-016

JHEP 10 (2012) 151

D};(3040) D¢,(2573), Ds1(2700), Dg;(2860)
Dy;(2860) . Dalitz plot analysis B - DYK~nt* reveals
D:,(2700) two states D7, (2860), D:5(2860)

% LHCb-PAPER-2014-035 LHCb-PAPER-2014-036
D4, (2573) PRL113 (2014) 162001  PRD 90 (2014) 072003
D_,(2536)

D_,(2460)

States observed from B-factories and other experiments
D

- States with unnatural spin-parity (J” = 07,1%,27,...)
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Dalitz plot analysis B, - D°Km*

» ~11K signal events with purity 87%

LHCb-PAPER-2014-035
PRL 113 (2014) 162001

LHCb-PAPER-2014-036
PRD 90 (2014) 072003

e Data 'S 12 _—' ; ' ' ' .
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O E
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D(;*) spectroscopy

 Strange-charm states studied widely to test QCD models
Inclusive pp — (DYK°? DYK™*) + X tHcb-paPER-2012-016

JHEP 10 (2012) 151

D};(3040) D¢,(2573), Ds1(2700), Dg;(2860)
Dy;(2860) . Dalitz plot analysis B - DYK~nt* reveals

D:,(2700) two states D7, (2860), D:5(2860)

LHCb-PAPER-2014-035  LHCb-PAPER-2014-036
PRL 113 (2014) 162001  PRD 90 (2014) 072003

D51(2536)  _ nclusive pp = (D*TKO, D*°K*) + X

D1(2460) D} (2536),D%(2573), D31 (2700), D35(2860), Dy, (3040)
LHCb-PAPER-2015-052
JHEP 02 (2016) 133

D%, (2573)

States observed from B-factories and other experiments
D

- States with unnatural spin-parity (J” = 07,1%,27,...)
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Inclusive analysis pp - (D**K°, D*°K™) + X

* Resonant contribution seen due to D7, (2536),D;,(2573),D;,(2700) and
D¢3(2860), weak evidence of Dg;(3040)

« Angular distribution reflects the spin-parity assignment

sin?0

1 + hcos?0y

Natural Spin-Parity
Unnatural Spin-Parity

LHCb-PAPER-2015-052
JHEP 02 (2016) 133
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Possible assignment of D

* Recent theory predictions

S. Godfrey, I. T. Jardine, PRD 89 (2014) 072043

» Two states observed by LHCb -
could fit into the 1D states

» At least three more states
expected up to 3 GeV/c?
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0(++)

D," " spectroscopy
* Similar for D;)(**) spectroscopy § 200 E‘_—_:_—:—__ —
* Recent theory predictions z 2233‘: — E

S. Godfrey, K. Moats, PRD 93 (2016) 034035
* Inclusive studies
ete=,pp » DO X

BaBar, PRD 82(2011) 111101 LHCb-PAPER-2013-026

JHEP 09 (2013) 145

Dalitz plot analyses
LHCb-PAPER-2014-070

BY > EOTL'-I_TI_ PRD 92 (2015) 032002

B9 - l_)OK+11'_ LHCb-PAPER-2015-017

PRD 92 (2015) 012012
* New states

some have unknown J*
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- [GeV?)

mi(D* )

Dalitz plot analysis B~ - DYm 1~

LHCb-PAPER-2016-026

» ~28000 events with 1% background PRD 94 (2016) 072001

261

LB L UL LN B
RLAAAN RARE RARD

1.0fb1 7 TeV
2.0fbl 8 TeV
LHCb ]

Candidates / (28 MeV)
=

llllllllllllllllllllllllll

10 ,
5 10‘l.‘115 12 7 N Lo
mAD*r)  [GeV?] \ A RPN L
fn 3.5 4 4.5+ ) ) -
Resonance Branching fraction (10=%) MD"7),y [GeVI
D3(2460)° 3.62 +0.06 £0.14 = 0.09 £ 0.25 I D460
D7 (2680)" 0.84 £0.06 £ 0.07 £ 0.18 £ 0.06 oul o Di(:760)°
D3 (2760)" 0.10 £0.01 £ 0.01 = 0.02 £ 0.01 B ckeround B'l('-
D%(3000)° 0.02 + 0.01 + 0.01 + 0.01 + 0.00 e S
22 - - ‘ DI(2007) e D3(2760)
D (2007) 1.09 £ 0.07 £ 0.07 £ 0.24 £ 0.07 o
------------ DrS-wave ——— D3(3000)
B 0.27+0.10£0.14 £ 0.16 £ 0.02 ’
Total S-wave 5.78 4+ 0.08 £ 0.06 £ 0.09 £ 0.39
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Possible assighnment of D

Mass (MeV/c?)

3400 E T T T T T T T T T T E
3200 F — —— -
3000 F ——— .
2800 = ——— | =
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2200 E
2000 = =
1800 -
1600 E 1 1 1 1 1 1 1 1 1 1 3
IS0 3S1 P 0 P, 3Pz 3Dl D, 3D3 3Fz F; 31:4
JP= 01— 0t 1t 2t 1—2— 3= 2t 3t 4t
(o0 ) ooy /
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y ~ — T = =~ \ —_— —m— =~
\ / \
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Observation of exited €, states

LHCb, PRL 118 (2017) 182001

* Excited A}, X, . states have been reported but no excited 2?
states were observed before LHCb

* 3fb1Runl+ 0.3 fb? Run Il pp collisions data
* Decay: Q:*0 - EYK~, Ef > pKn*

S 80000_v ‘

(]

= _

= 60000

p, K~ m" %

3]

o

< 40000

g L
Cabibbo suppressed i |
decay, but much higher 20000
reconstruction
efficiency | E—

2440 2460 2480 2500
m(pK %) [MeV]
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Observation of exited €, states

LHCb, PRL 118 (2017) 182001

5 narrow states & evidence for 6" broader state at high mass

Resonance Mass (MeV) I (MeV) Ny =+Ax?

2,(3000)° 3000440240172  45+06+03 204

2.(3050)° 305024 0.14£0.1792  084+02+£0.1 204 S i ‘ L
< 1.2MeV,95% CL < 400 LHCDb -
2.(3066)°  3065.6+0.1+0372 35404402 239 — * ;’"l’l‘r
2.(3090° 30002+ 0.3+05%0%  87+£1.0+08 211 > [ - Background
2.(3119)° 31101 £03+09%0%  114£08+£04 104 g300r + iy Feed-downs ]
< 2.6MeV,95% CL o I E¢ sidebands
2,(3188)° 3188+ 5 +13 60+ 15+11 6.4 % 200
S 7/
Feed-down [
100}
Even at the most powerful particle accelerator A
on Earth, the discovery of a new particle is a big I
deal. Finding five new baryons in one go, as the 0 3000 3100 3200 3300

Large Hadron Collider beauty experiment m(Z'K") [MeV]
(LHCb) has done, is truly historical. ‘

Feed-down: Q30 — K27 E/f - yEF,

- Matteo Rini Physics _ _ i
Y m(EFK ™) mass peaks shifted
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Observation of exited €, states

LHCb, PRL 118 (2017) 182001

* Matching between observed peaks and predictions requires spin-
parity information: studied with three-body decays or in decays of

heavier baryons
See backup pages for the references

— 3.5F :
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~ C_ N N 3
St DO 5
8 3 3 = 0,(2P) Q.(ZP); (2P)Q»(2P)§ V 7/ —
~E N WY 77 A% 7/ ZIE
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: 32 - 0(.1(11;)0,.,(ID)D‘.3(ID) /// % ?/ -
75! - \¥: Q0000 p)lZd 3 0.(3119)
< 3.1 ;—:\ ::::::::::::::::::::::::::::::::QZ‘PE—_:O,‘M(»)U)‘O‘
2 gzgm Q‘?z%)'f'//:/"::'&:"//":::::::::::::::::::ggl,gggg}
3 - R %O//; Q,A //"2 """""""""" — 000
29F ! % =
28F ¥
E =
27 Z&7 o -
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L S S P P P P P D D D D D D
jo 1 1 0 1 1 2 2 1 1 2 2 3 3
gp I 3 r r 3 3 5 1 3F 33 > T
2 2 2 2 2 2 2 2 2 2 2 2 2
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Doubly charmed baryons
+ +
+ Predicted to form two SU(4) baryon 20-plets with J® =+ and JP = ; , each
contains a SU(3) triplet with two c quarks: Z/.(ccd), EZ;; (ccu), Q}.(ccs)

p 3+ 1t . A .
 J' = > expected to decay to , statesvia strong/electromagnetic interaction

+
. ]P = % states decay weakly with a ¢ quark transformed to lighter quarks

R
o (2. 3+
‘ P _
R i S iaE
e | ~ N
7 =t | —++,
( —cc dcc| uce =cc
\ A SCC, //
~ .
0 ~ — {2(1 \_2'+_ — - -
2 | <c Z++
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Masses and lifetimes

* Masses of ground state and excitations by many theoretical models

> Predicted £, masses 3.5 — 3.7 GeV, M(Q}.) ~ M(E,.) + 0.1 GeV
> Mass splitting between Z/. and Z}" only a few MeV due to u, d symmetry

Lattice QCD computations: M(Z,..) ~ 3.6 GeV, M(Q/.) =~ 3.7 GeV

HQET: two charm quarks
considered as a heavy
diguark, doubly heavy
spectator + non-spectator + Pauli interference baryon similar to a heavy

T(EZT (ccu)) » t(Ef (ccd)) meson Qq

T(E) € [200 — 700] fs )

* Lifetime known to be affected by

diquark

©o
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Results from SELEX

* SELEX (Fermilab E781) collides high energy hyperon beams (X7, p) with
nuclear targets, dedicated to study charm baryons

* Observed E/.(ccd) inEf, > ALK " and £}, > pD* K™~ decays

> Short lifetime: 7(Z/.) < 33 fs @90% CL, but not zero

o(E)XBF(E¢ ALK T

» Large production: R =

~ 20%
a(A]) ’
» Mass (combined): 3518.7 + 1.7 MeV
Eec = A¢K™m™  PRL89(2002) 112001 Er. — pD*K~ PLB628(2005) 18
8 i "i , pD"K
< r . - peak mass: [| 4-bin Poisson Prob
% 7 - 15.9 signals Sas 3516 MeV <64x10*
= 6 E ' L/o>10
IQ 5 w 3 .
X 25 5.62 signals
8 4
| =
g3 ]’l | 2
2 a 1.5
| e
0 1 1 I oalle 0.5
- 342 347 352 357 3.62
%46

w
&

3.5 3.52 3.54 3.56 3.58
M(p D* K)
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Previous studies from LHCb

e SELEX results not confirmed by FOCUS, BaBar & Belle LHCfQZﬁplEZR{:g:;%‘;%

 LHCb searched for £}, > At K~ m* decay with 0. 65 fb? of 7 TeV data
» N(AL) = 0.8 M, requiring high-py
» No significant peaking structure observed with m € [3. 3, 3. 8] GeV
> Experiment sensitivity strongly depends on Z /. lifetime

o(E¢)xBF(E¢~AfK 1)

R = — < 0.013 for T = 100 fs,
o(A¢)
< 3.3x107* fort =400fs @ 95% CL

:‘\ LIS S S B R S S S S S B B B l()l . I . . T 'I . . ; . .
L 12F | LHCb &) . LHCb —100fs  —150fs  —250fs 3
% ok SELEX :.:CI E tg;\: - SELEX E}. I 33365 400fs
p= - ’ =)
N ¥ 1 =
g 85- I E é:
S 6F ' i S
=] - 4 =
@ 4F WH w ki

2 2

0@.}'..}..{Mf.}ﬂ.1.1m I

400 500 600 700 800 200 500 200
dm = m([pK‘nﬂAZrK‘nJ’) — m([pK‘nJr]Ag) —m(K™) —m(n™)
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ZFF(ccu) at LHCb

LHCb-PAPER-2017-018

PRL 119 (2017) 112001

. Expected to have longer lifetime than £, higher sensitivity at LHCb

e Decay: £/ - A K wtr*, branching fraction up to 10%

e LHCbrunllat+/s = 13 TeV, ~1.7 fb!

» 313 + 33 events, 120

> 8TeV data analyzed for cross-check, 7o
» Consistent with weakly decays
» m(E) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A}) MeV
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B> K ntntAt (- pK—nnh)

~ 100 MeV above SELEX Z/. peaks
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Yu et al., arXiv:1703.09086
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X(3872)

* Observed by Belle in 2003  selle, Pre 91 (2003) 262001

| T T T | T T T I T 12000 I T T T | T T T
i ) dot ] b) MC —
200[- N ‘ | B* > XKt X - J/Yyntn
3 - 1 8000 - .
g 20 1 | Mx =3872.04+ 0.6 £ 0.5 MeV/c?
2 i ]
L% 100:_ ¢ _: 4000 — I [ < 23 MeV
R Lt N /;uf/’,’f T~ spectrum consistent with p°
0.40 0.80 1.20 0.40 0.80 1.20
M(T T TT) - M('T) (GeV) M(*T'T) - M(I'T) (GeV)

« CDF determined the quantum numbers to be JF¢ = 1*+ or2™*
CDF, PRL 98 (2007) 132002

e LHCb determined JF¢ = 1%+ with 1 fb~! of data

LHCb-PAPER-2013-001,
PRL 110 (2013) 222001

Both CDF and LHCb assumed the decay dominated
by the lowest angular momentum L,in

9/02/2018 Y. Gao, Spectroscopy at LHCb 31



X(3872) quantum number determination

* Re-analysis using 3 fb~1 of data without L,,;, assumption

LHCb-PAPER-2015-015
I S L A PRD 92 (2015) 011102 (R)
2140— A g -'-FHT-FFH-H-'?:O'_:- ........v,...fd-b.:-v
g ° s LHCb R =
g "F LHCb 2 ook 1 -
g 100~ Use 1011 :l: 38 B_i_% XK+, gw- ++I |+++ '——x#*n——‘
S X — " d . > '
ol — p°Jp decays "% aasansasanne~ rnas Aane A e anan
© 80b= =1" 4+ =1 .
i 1 _
Leie 1 1 20.-..- o -
740 760 780 800 820 1 1 1 an [ PPEPEP EPUPEPEP | 2
AM = M(x"zJly) - M(J/y) [MeV] ‘;80""""""'}2:,‘;.." """"""'jc'_é.:"
<
B[g = 60 4 .
JPC  Any L value Minimal L value g s =i ++ w
0~ Bp B 3 20k ""t, """:
- -
0% By, B By e ———
1~*  Big, Bi1, B2, B3 By, By, Bz © sof- Je=3* L J*=3 -
1" By, By, By By, é&o- -
2" By, Bz, Ba1, By Bi1, Bra ]PC —_ 1 ++ CO nfi rmed § ok H'++ 4 “+—+ +
2" By, By, By1, Byz, Bz By S “+H .
37" Biy, By, By, By, By By - . . -
3t By, By, By, Bao Ba1, Baz 1 0 - LR SR LANL I+ S
21, ) ) 2 - 80 fc:4 - JC=4
4= By, Bay, Bs1, Bsy B3y, By D Wave fraCtlon < 4 /O £ sof +
47" By, Bag, By, Bis, Bez  Bas < aof +'H+++ Lt 4+
. . . 520:.- L L L i Y-'-.- 1 1 1
Parlty—allowed LS coupllngs In 3 05 0 L 05 0 X J—

X = p° I
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X(3872) = J /Yy, p(2S)y

LHCb-PAPER-2014-008
* Analyses using 3 fb~! of data NPB 886 (2014) 665
1500 a0
i + + C pt +
. B - J/yyK LHCb o BT o W2SHYK LHCh
7 1000 3 . .
< 2f- IR
i 500 : T— - e ,
10‘»-.+.
% 5.1 5.2 53 54 R ot : L P WL 51 - . 3!
400_ ‘ 40» .
b X3872) = /Yy b XG3872) - y2S)y |
I ' | 4.40evidence 1+ |JLU
¢ p— 0 20_ S S - )
:r i 7 P gttt T
oo N - RV
37 ~ 38 34 ol R Y — —

* An important ingredient to reveal the nature of X(3872)

B(X(3872) — w(2S)Y)

=246 +0.64 +£0.29
B(X(3872) — J/wyy)
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Z(4430)"

Belle, PRL 100 (2008) 142001
Belle, PR D80 (2009) 031104

» Originally found by Belle in B — ¥(2S8)mw™ K™ &ell, Pr pss (2013) 074026
» BaBar could not confirm Basar, Pr b79 (2009) 112001

"'o 45¢ | eeams Flat cosO I ' :

o s | — y(2S) K I S

> 40 00 777 WorK moments }

O] o

NG 35+ - B

— . 200 - 3 -

S 30 ! ;o

@ 25 :

S : 0 R — )

> 20 i ' ' ™ T 7

L C . L -0 -, 0.4 d i
150 200 B - y(2S)ntK H% ( )__
10_ l_.-l * '.. Yl 16 .... Al Q .. .

e Un s mncy: Lo :,....

055 16 17 %3 30;);. e .4.45 ]
M*(y’ ), GeV*/c 3. - O Nt .

m,, 5, (GeV/c?)
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Z(4430)"

e LHCb full amplitude analysis using 3 fb~1 PRL 112 (2014) 222002

= 4475+ 7 122 MeV/c?
r =172+13 7 +37 7 MeV/c?.

LHCb

" l@-data
[~ —=—totalfit --+-- total fit with no Z(4430)
| —— Z(4430) excluded
K (892
I ——z(@430r
—— K’ s-wave

—— K(1430)
| —— background
K (1680)

500 K (1410)

[
o]
o)
)

« JP = 1% is confirmed

Candidates / ( 0.2 GeV?)

* Argand plot shows a clear —
f 0 P e S o e T

resonance eatu re 16 18 20 22
N T T \|ln [GeV ]
EO. i _| o T T e A L L
— o > 3 —=— total m‘ --4-- total fit with no Z(4430) |
010 LLHCD — 244307 excludea -
&) K (892) 3
— N —— K S-wave :

PP s,
<10° T T TS E
02 i > - }M“ LN ¢ ]
/*_ ] % 10 e e mw %%” E
[ - = # i, 1
0.4 - k= : - s
L o 4 < —— background _
o ! b

| T T TN SN T [ TR TR SR SN SN S 1

0.6 b 05 1 15 2 2.5
06 04 02 0 02 ~ ~ s =
Re AZ mZ. _[GeV’]
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X-J/Ye

* Narrow structure in J /Y ¢ discovered by CDF, confirmed by DO
and CMS. No evidence by BaBar/Belle/LHCb(0.37 fb2)

PRL 102(2009) 242002 PRD 89(2014) 242002 PLB 734(2014) 261

NO 9 CMS, s =7 TeV, L=5.2b"’

S s L DORunll,104fb" +Data (c) T ' + Data

] CDF 60 - — Full Fit == CMS —— Global it

=7 : [ | DO 8™ CMS e vesien et
O 6 g L == X(4140) _:\)00 X — — Event-mixing (J/y, ¢ K")
: 5 g 40 . x(433°) @, ..;.. Event-mixing (Vy, ¢ K" )
3 ~ . PHSP %

e 4 o - (M

-g 3 Z 20 ¥ 0l l l { 100

:a i VA “» l A 50

c 2 s 7 l Y 1

© 0 L 4 4 1

O 1 4.2 4.3 4.4 45 0

M(J/WK'K.) (GeV) 1.1 12 13 14 15
07131 12 13 14 15 Am [GeV]

AM (GeV/c?)

| Mass [MeV] Width [MeV] | Sig.

CDF  41434%33+06 153%3%*+25 >G50
DO 4159+43+66 199+126339 30
CMS 41480+24+63  28%1%+19 50
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Exotic states in BT — J/YpK™

e LHCb perform full 6D amplitude analysis

Candidates/(10 MeV)

300 4200 4300 4400 4500 4600 4700 4800

m

W ye

LHCb-PAPER-2016-018
PRL 118 (2017)022003

Candidates/(30 MeV)

1600

(MeV]

LHCb-PAPER-2016-019
i PRD 95 (2017) 012002

~— background
—— I"'NR,,
K
K'(1")
o K(2 #K'(2)
—a K (1)
-~ K25
-~ K(0)
o ~= "D/ D, * cusp
of == 1" X(4274)
vy 0F X (4500)
A% 07 X (4700)
- -~ 0"NR,, .

1800 2000 2200 2400
my, [MeV]

* 4 peaks are observed with X(4140) wider than CDF/DO/CMS

State Signif | JPC M [MeV] I' [MeV]
X(4140) | 8.4o | 1** | 4160473 | 834217 gionificant larger at LHCb
X(4274) | 5.8¢ | 17+ | 4273877 | 56 £ 111} CDFg/Do/CMS ©
X(4500) | 6.10 | 0F* | 4506 + 117"z | 92+ 21%5, 28
X(4700) | 5.6 | 0++ | 4704 +10+14 | 120 + 31+%2
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Pentaquark studies

Event 251784647
Run 125013

) 09 w2012 055148 A
Thu Aug 2012 b

decay point
Ap yp |

PP
collision point
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Discovery of pentaquark states

LHCb, PRL 115(2015) 072001

« Two pentaquark states observed in A - J/ypK~

% 2200 t —a— data
™ 1800 ¢ NER Fe
> L - A(1405)
w00 ¢ e A(1520)
o A(1600)
> 1400 A(1670)
e - T —— A(1690)
1200 --%-- A(1800)
- o A(1810)
1000 s ot A(1820)
soof- | % v Al
: ceedees A
600 : ‘ .6* ------ A(2100)
: o % e A(2110)
400" | & S Wy e A(2350)
| 3 > v - *
200f=
93 16 1.8 2 22 24 2.6
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Discovery of pentaquark states

LHCb, PRL 115(2015) 072001

 Amplitude analysis reveals the properties

PC(4380)Jr PC(4450)+
JP 3~ §+ ) . A, rest frame
| ) 2 2 P lCNl..‘l.lIIIL‘ -

Mass [MeV/c?] | 4380 -8 +29 44498 +1.7+25 = O -1 " - p o A— ,
Width [MeV] | 205+ 18 + 86 3945+ 19 o g
Slgnlflca nce Qo 120 ¢ - P.rest frame V —

Y A

A,
lab frame

* Confirmed by a model independent analysis

* Production & decay

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

LHCb-PAPER-2015-032
Chin. Phys. C 40 (2016) 011001

B(A}— PF(4380)K7)B(PF — Jipp) = (256 £0.22 £1.28 T 5:32) x 107°
B(A)— PF(4450)K " )B(P} — Jipp) = (1.25 £0.15 £ 0.33 T 32) x 107>

9/02/2018
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Study of /12 - J/Ypr~

LHCb-PAPER-2016-015

« Cabbibo suppressed mode with less statistics PRL117(2016) 082003

* Exotic Z contributions in J /Y m
* Fit with 2 pentaquarks + Z.(4200) favored by 36 compared to

no exotic contributions R . —
> YOF (b) LHCb  *
= 35 —— Data =
- O ok —— RMN*+Z.+2P, 3
% 500 530 T B 1 e EM N* E
= ~ o5F T || aae P.(4450) E
2 400 g = P_(4380) ;
> ©20F  phef e Z.(4200) E
£ 300 > 15l uN 3
3 200 I ‘ 1§g" + My > 1.8 GeV
S : :
100 -
o)l ~ ;
----- . : ) - ®e b
Y S A 0 fFeethonnsat ; .'
M yypx [GEV] 4.5 5
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Observation of /12 — Xc12PK™

LHCb-PAPER-2017-011,
_ _ _ PRL 119 (2017) 062001
* Pc(4450) close to y.4p threshold, triangle singularity ?

° Study with radiative Xc] N ]/1,[))’ decays Guo et al., PR D92(2015) 071502
Mass constraint on Xc1 to improve resolution, forces Xc2 to lower mass

First observation of this mode,

T T rryrm,me rTeTYTYT T T T T Y

. . : 180
full amplitude analysis foreseen S of LHCD
. . Q a
with RUNII data added in = 140 (2)
w120 Aoz PK
St -/\ X pl\
B(/lb — XCIPK ) 7 100 — - Comb.
— 0.242 £ 0.014 £ 0.013 £ 0.009 Z
B(A) — J/bpK~) 5 28 \
B(A2 — Xe2PK ™) =
' — 0.248 =+ 0.020 + 0.014 + 0.009 40 N\
B(A) 5 Jpplcs)- === === 2 tigatt)  RP\
“TBU o xaPKT) 00 1010 4002 £0.05T  Sso 530 S0 S 5650 5
B S oapk) +0.10 £0.02 £0.05 » 5450 5500 5550 5600 5650 5700
~<2WW 77 Xell - m(y I/)K ) [MeV/c?]

------------------ Belle, PRD 78 (2008) 072004
Suppressed in B = y.;K decays BaBar, PRL 102 (2009) 132001
LHCb, NPB 874 (2013) 663
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Observation of E; — J/YAK™

LHCb-PAPER-2016-053
PLB 772 (2017) 265

* Look for udscc pentaquark in this mode wuetal, PRL 105 (2010) 232001
Chen et al., PRC 93 (2016) 065203
* First observation with RUNI data

-4 Data ,
« ~300 candidates seen 40| — Total fi LHCb
| J‘/’v:;i,';:l Adecays
f=- B(Eb_ — JIWAK ™) Comb. bkg. R
: =(4.19 £0.29 + 0.15)x10-2 2201 detector
fro o BA) — JhyA) N
C % 4
m(Z;) — m(Ay) = 177.08 £ 0.47 £ 0.16 MeV /c? N
£80
( one of the two world best measurements) = A decays
5 60 after vertex
40 detector
* Fullamplitude analysis foreseen with
2 ) b
. 0
RUNII data added in R

m(J/yAK") [MeV/c?)
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BE'*) (ZS) - Bg*)n-l_n_ LHCb-PAPER-2017-042

arXiv:1712.04094
ATLAS, PRL 113 (2014) 212004 . R : ,
E‘sz—uu 2 g‘ LHCD 210"
i’ m;_ 5«8TeV i s«8TeV
Data  Signal events & 20 &
w 200F »
7TV 100423 p\TATLAS § ol 5
8§ TeV  227+25 B¢ 2 10f %
o —————————————————————— U ot o
wob LA B UL S &% 6800 7000 7300 2000 7200
Jua=roze M(B:r* 1) [MeV/c?) MB 1) MeVie)
bt (s=8TeV (a) MLP category: (0.02,0.2) (b) MLP category: (0.2,0.4)

Ir

T

LHCb 2!
i=8TeV

LHCb 21t
i=8Tev

Events / 40 MeV

.....

my, = 6277 + 6 MeV
Ny =227£25
o =50+ 8 MeV

L 1 L 1 I
5800 6000 6200 6400 6600 6800
Myyn lM.VI

Candidates / (28 MeV/c?)

Candidates / (28 MeV/c?)

o Bz (MeV/e) o M) (MeVie)
M af o [ MBin'n eV/c?
mBC(ZS) = 6842 + 4 + 5 MeV (c) MLP category: [0.4,0.6) (d) MLP category: [0.6,1.0]

5.20

- S NLHCDb8TeV — 3395 + 73
185 =288+5MeV e 0 omaer) B _ —
: = ATLAS Q.. =28815MeV ¢
16 Cgre = 18£4 MeV J- . Ogre = 1824 MeV a T T T E
3 1E Ny =2246 N oy Now =35£13 S 900 LHCb 2 fb”! E
§ 125 2 o Data » 300 (s=8TeV E
3 10% g bl it E 700 —4— Data K
L 2 § < 60 — Total fit :
6 o g 500 EdE B>y
‘ g 400 LN
°k g 300 -+~ Combinatorial
0 700 100 200 300 400 500 600 700 200
m(B_xx)-m(B,)-2m(r) (MeV] m(B, rr)-m(B, )-2m(x) (MeV) 100
0 ' 1

o200 6300 6400 6500
MUlyx*) [MeV/c?)
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LHCb-PAPER-2017-042
arXiv:1712.04094

O (%)
R = B @57 .B(BW((28)" — BWTratr)

O g+
B NBé*)(2S)+ EBf
© Ngr o epeias
Vs =T7TeV Vs =8TeV
ATLAS (022 +0.08 (stat))/s;  (0.15 & 0.06 (stat)) /es
LHCh - < [0.04, 0.09)

£+, £g: relative efficiencies of reconstructing Bg*) (28)" wrt B}

* ATLAS did not publish &+, £g
* More studies needed to resolve the large tension
between ATLAS and LHCb.
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Searches for weakly decaying

b-flavored pentaquarks

LHCb-PAPER-2017-043
arXiv:1712.08086

» Skyrme model prediction on pentaquark state: the heavier the

constitute quarks, the more tightly bound the pentaquark state
PLB 590(2004) 185; PLB 586(2004)337; PLB 331(1994)362

« Search for masses below strong decay threshold

Mode Quark content Decay mode Search window
| bduud I’;;.p — JW KT p  4668-6220 MeV

I1 buudd 1’_\_":7‘__ — JAWK 7" p 4668-5760 MeV
111 bduud Pj‘;?”* — JWK - ntp  4668-5760 MeV
v bsuud Pgo, — Jép 5055-6305 MeV

* No evidence observed (yet)

Upper limit set on relative o XB
as a function of P masses

9/02/2018
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Prospect: RUNI+RUNII

e Data samples
-1 fb1 (7 TeV)+ 2 fb1 (8 TeV)
- ~6 fblat 13 TeV with o,; (13TeV)/0,;(7TeV) ~ 2

A far from completed list benifited from full RUNI+RUNII data
- search for excited B, states
- precise my 3g72) — My (2s), N€W decay modes
- properties of Z£7: lifetime, production cross-sections,
new decay modes, ...
searches for 5%, %, 5., Eb. ...
J¥ of P.(4380) & P.(4450), new decay modes

amplitude analysis A) — y.1.pK~, cusp?

amplitude analysis £, - J/yAK~, new pentaquarks?

9/02/2018 Y. Gao, Spectroscopy at LHCb
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Spectroscopy with the upgraded LHCb
LHCb will be upgraded in 2019, software trigger with 40MHz

40 MHz readout " Muonchambers

more shielding, upgraded
readout electronics

Calorimeters

reduced PMT gain, new

SciFi Tracker
new pixel detector Upstream Tracker scintillating fibres

silicon strips

* Allow PID at the trigger level — great increase (~2x) of trigger
efficiency on full hadronic final states

* A new computing approach to data-analysis is needed
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Summary

e LHCb has made important contributions to the
knowledge of hadron spectroscopy

- Observation/study of excited B(D)mesons & b(c) baryons
- Observation/study of exotic states
- Discovery of doubly charmed baryons

 Stay tuned with new results from RUNI+RUNII

» Spectroscopy at the upgraded LHCb is challenging and
promising
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LHCb Trigger in RUN II

LHCb 2015 Trigger Diagram

TURBO stream introduced in 2015

~ > <>

LO Hardware Trigger : 1 MHz

e S5 kHz of 12 kHz go to TURBO readout, high Ev/Pt signatures
e Only trigger information saved SRR PN

— smaller event, faster analysis , _ _
. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

« Used for high yield exclusive
trigger lines: J /1, D%, D, ... P detector calibration and alignment

of inclusive and exclusive triggers

o O O
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Amplitude analysis of /12 - J/YpK

LHCb, PRL 115(2015) 072001

» Allows for A" — pK ™ resonances to interfere
with pentaquark states P~ — | /Y p

A, rest trlme

¢ =0
_\y___Jex_/L q; —_K: K
AO N A* < = |

b ]/l:b ’ e " frzlil;ne ¢, A lL\l frame

A*_>pK_ ‘ M
A

[.LAB frame

g M-

. A, rest frame O -1t
0 + 17— Y rest frame o %
Ab — PC K ) “ 4 %’ 'I’" IJ‘,

AR VL e e

T P rest frame -
» Independent variables: e M
m(pK ™) and 5 angles =» 6D fit i
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Amplitude analysis of /12 - J/YpK

LHCb, PRL 115(2015) 072001

* Two models to deal with A* = pK contributions
State JP o Mo (MeV) To (MeV) Red. Ext.

A(1405) 1/2— 14051713 505420 3 4
A(1520) 3/2~ 15195+1.0 156+1.0 5 6
A(1600) 1/2* 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
A(1690) 3/2~ 1690 60 5 6
A(1800) 1/2- 1800 300 4 4
A(1810) 1/2% 1810 150 3 4
A(1820) 5/2% 1820 80 1 6
A(1830) 5/2- 1830 95 1 6
A(1890) 3/2* 1890 100 3 6
A(2100) 7/2- 2100 200 1 6
A(2110) 5/2% 2110 200 1 6
A(2350) 9/2% 2350 150 6
A(2585)  ? ~2585 200 6
64 146

Last columns show number of parameters are left free. Masses and Width are fixed.
Red.: Reduced model (fast). Ext.: Allows for more helicity (LS) couplings.
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Doubly charmed baryons

 Lifetimes known to be affected by spectator decays + non-spectator decays
and Pauli interference, qualitatively

c S C S
Spectator (Is) ¢ <W*(u&) W-exchange (W) 4 I w u

u/s u/s U U

Particle | 7 (ps)
* Expectation: T(E}F (ccu)) > 1(EX.(ccd)) DY 0.410 £ 0.002
Dt 0.500 4 0.007
o D* 1.040 + 0.007
* Calculations give T(E{:") € [ 200 — 700] fs D (B) | 0.507 + 0.009

)
AF cud) 0.200 4 0.006
See backup pages for references =0 (:sd) 0.112 4+ 0.012

) | 0.442 + 0.026
) | 0.069 +0.012
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Results from FOCUS

 FOCUS (Fermilab E831) studies charm hadrons produced in photon-nuclear
fixed target collisions

« FOCUS didn’t confirm Z/. observed by SELEX in Af Kt decay

Decay Mode
Experiment
=cc Events

R,(‘.ldtl\ ¢ Efﬁ( 1(‘11(.)
™ +
e/ N\,

SELEX —-((
FOCUS R(l PI()(]

=t S ATK 7t
FOCUS  SELEX
<221@90% 158

<0.23% Q90% 9.6%
>42Q90%

« Other modes also studied: }. —» At X, D°X
D*X, no SELEX-like signal peak observed

9/02/2018
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Ew:nts /4 MeV/ic®

x

Nucl. Phys. Proc. Suppl. 115 (2003) 33

FOCUS: Sum of all E__ decay modes

SELEX E.

$ GeV/ic®
M (Ex) wevic
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* Large A} yields: ~

R =

Results from Babar & Belle

« eTe™ colliders working at Y(4S) mass /s = 10.58 GeV
0.8 M at Belle

 SELEX-like Z/. signal not confirmed in £}, - ALK~ n™" decays

0.6 M at BaBar, =

o(E¢)xBF(Ef . ~ALK— 1)
a(Ad)

BaBar: PRD 74 (2006) 011103

Candidates/(3.0 MeV/c?)

—
-

—
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1

~rrrrrrrrrrrrUerY4rY1r-roCrC T
[

~llllllll

SELEX E} :

i ” |
, I
IREL e

‘ulllul II| Hi “’
i o
b

I
|
|

' |’i
g Bl I|r||| L T '
{ !'1 Ii‘ nwiﬂ J:ifig

Yl
13. - llf4. - ‘11.5
AM(E}, — AY) GeV/c?
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450 F
400 |
o 350 |

m 300

1=
m250 .
w 200 |

'j‘»ljf :

< 2.7x107% (BaBar) 1.5x10~* (Belle) @ 95% CL

Belle: PRL 97 (2006) 162001

o 150 |
w100 |
50 |

I
I
| SELEX E}.
I
I
.

o Il
3.4 3425 345 3475 35 3.525 3.55 3575 36 3625 3.65

M(ATK ™) GeV/c?
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Mass spectrum Rt 118 (2017) 112001

* Asignificant structure in right sign (RS) combinations: A'C"K_7T+7T+
* Not present in wrong sign (WS) combinations: AZ’K_T[+7T_

 Not observed for AL background candidates T E

:800— LHCb 13 TeV _

* Distributions similar except the peak in RS % 00f (3Signa

é.(,()()_ [[T]Sideband E

< 400 =

il I E-“"'s‘ |

A significant peak! mp e

e ‘22150]‘ B inmW

AN m_ (AD) [MeV/c?)
—_ NU350_""I""I'/'/’I '\\'I =
U 2340 > | LHCb13TeV ! \ :
S; 2 300 \ 3
> P C I \ 3
< 2320 S ysof —DawRS \ E
. = 20F 4 Data WS I I ]
— 2 L. 1 I, ]
= 2300 S o00f HDawSE o Cbin i f
< g F \ it rilkfes
% 2280 S 150F ' TR

3 N PR AL
8 2260 S100F N S
2240 505".;.- T —
3300 3400 3500 3600 3700 3800 1500 3400 3500 3600 _ 3700 _ 3800
M og(Z5) [10 MeV/c?] m,, (Ze") [MeV/e?]
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LHCb-PAPER-2017-018

Flttlng the mass peak PRL 119 (2017) 112001

e Studying Af-mass corrected mass: meana (EZ) = m(AtK—n+) — m(AE) + mppg (AF)
» Signal yield: 313 + 33
» Resolution: 6.6 + 0.8 MeV, consistent with simulated value
» Local significance > 120

m(E}") = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A) MeV
m(EX) —m(AY) = 1134.94 + 0.72(stat) + 0.27(syst) MeV

SU80F | iyem 12 Ty !

> LHCb 13 TeV

2 160

E j4of- +Data Systematic uncertainties

2 120 _ggzzl Source Value [ MeV/c?]

&3 100F -- Background + 3 Momentum-scale calibration 0.22

‘32 80 I | 3 Selection bias correction 0.14

S 60 5 } t T H { Unknown =77 lifetime 0.06
wpttt Mass fit model 0.07
20 Sum of above in quadrature 0.27
0 "0 Fwo AT mass uncertainty 0.14

m, (E5) [MeV/c?]
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Fitting the mass peak

LHCb-PAPER-2017-018
PRL 119 (2017) 112001

e Studying Af-mass corrected mass: meana (EZ) = m(AtK—n+) — m(AE) + mppg (AF)
» Signal yield: 313 + 33
» Resolution: 6.6 + 0.8 MeV, consistent with simulated value
» Local significance > 120

m(EXT) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A}) MeV

m(EX") — m(AY) = 1134.94 + 0.72(stat) £+ 0.27(syst) MeV

Value consistent with many theoretical calculations, especially LQCD

< 3750
L

= 3700
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Te St Wlt h R U N I d ata LHCb-PAPER-2017-018

PRL 119 (2017) 112001

* Signal peak presents in RUNI data sample with significance > 70

g =% T *r r Ty T T T
> 70F LHCb 8 TeV
E 60 -+ Data I\
- — Total
50
= Signal + ]l
2 40 ---Background 2
5= :
":% 30 ) : + i
1 d
© 20 | +
10 :
" 1 " " 1 N 1 " 1 L " 1 1
3500 3600 3700

m., (E5) [MeV/c?]

NEIF > AfK ntnt) =113 £ 21
Resolution: 6.6 + 1.4 MeV Consistent between two samples

SM(run L,runIl) = 0.8 + 1.4 MeV
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S | g Nda I p o p e rt | es LHCb-PAPER-2017-018

PRL 119 (2017) 112001

 Peaking structure remains significant (> 120) after requiring minimum
decay time, t > 5o;. Itis indeed a weak decay.

— T 1
LHCb 13 TeV

S 140 E
> - -
- t/o,>5
E 120 4 Data t B
St - — Total :
= - —
. 100: -------- Signal y
§ 80 ---Background + + +I" —
20 t o -
0 N 1 | . . . o r"; \ , . M | 1 :
3500 3600 3700

-t ]
mcand(:‘cc [MCV/CZJ
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Comparison with SELEX

LHCb-PAPER-2017-018
PRL 119 (2017) 112001

* Large mass difference: m(Z5) hee — M(EX)seex = 103 + 2 MeV
Hwang and Chung, PRD 78(2008) 073013;

» Inconsistent with being isospin partners

* Production: N(E..)/N(A%) much smaller in LHCb result

9/02/2018

O 30F T T T ERERERERE
N - LHCb 13 TeV .
2 300 E
= 2505— —Data RS —E
Q - -+ Data WS ]
o 200 F f
2 _ | T
S 150F SELEX ]
;_5 150: - I * H;ii ]
c% C Zcc h .
@) 100_— | -
SOF ™ | ]

N 1
3300 3400 3500 3600 3700 38
Cand(::;’ [MeV/c?]

Brodsky et al., PLB 698 (2011) 251;

Karliner and Rosener, arXiv: 1706.06961
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Tetraquark searches in B ™

* DO announced a new state X(5568)i - BSTL'i PRL 117 (2016) 022003
- significance of 5.10

- mass and width m = 5567.8+2.9 (stat) (1)(; (syst) 1\[0\/'/(‘
[ = 21.9 & 6.4 (stat) T30 (syst) MeV/c?

- high production rate

R DO Run I, 10.4 fb'

Do _ o(pp—X+anything)xB(X—>Bnt)

. Nev = 5582 + 100
Px =

0
o(pp—Bj +anything) DO Acc.

N events / 20 MeV/c®

(8.6 + 1.9 + 1.4)%

N e —
m(J/y Q) [GeV/c?)
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Tetraquark searches in B ™

LHCb-PAPER-2016-029
PRL 117 (2016) 152003

* Upper limits

ey _ 0(@p - X + anything) xB(X - Bin™)

X o(pp > BY + anything)
LHCb Acc.
__ N(X) 5 1
NBD) “edx)  €(X) = e(X)/e(BY)
B’ - D;nt  BY = Jho Sum

N(B)) B! pr> 5GeV/e (10°)  66.34+0.3 46.3 +0.2 112.6 +0.4
N(BY) BY pp > 10GeV/e (10%)  30.140.2 14.1+0.1 44.240.2
N(X) BYpr> 5GeV/e 23+ 55 —-15+ 37 8+ 66
N(X) BYpr>10GeV/e 70 + 48 11+ 30 81 57
e (X) B! pr> 5GeV/e 0.141 £0.002  0.102 = 0.001
(X)) BYpr>10GeV/e 0.239+0.003  0.230 +0.003

PHP(BY pr > 5GeV/e) < 0.009 (0.010) @ 90 (95) % CL,
PP (BY pr > 10GeV/e) < 0.016 (0.018) @ 90 (95) % CL.
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Tetraquark searches in B,

LHCb-PAPER-2016-029
PRL 117 (2016) 152003

* Use similar selection criteria as B, — B m, consistent result

e Similar selection on B%m

2000
21800
s

~ 1600

S
~

I B.(5747)' - B+

LHCb Preliminary [ B(5747) - B'(B%)n*
I B(5721) - B(B®)x*
[] combinatorial

1400
%1200
51000
S 800f5
600 -

400
200

tes

llllllllll lllllllll

d

n

Pull

00 150 200 250 300 350 200 450 500
m(B°n+)-m(B°)-m(n+) [MeV/c?]
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Tetraquark searches in B ™

e A”cone cut” used in DO analysis

2 2 o
— 0 0 Q
AR = [[¢(BY) - ¢ + [n(BY) —n(m]* < 0.3 %
=
700 - %
- z
600 :—
> F $
2 S00F < w/o cone cut —
g 400 — ¢ Background model w/o cone cut
_.g E ¢ Background model with cone cut
g 300 :— + Fits to background function
® : + b
= 200 :— %
C =
100 | <~ w/ cone cut -
0 :I 111 l 1111 I 11 1 | | 11 1 1 | ) | 1 1 1 1 | 11 1 | | 11 1 1 ‘UE)
5.5 555 5.6 5.65 5.7 5.75 5.8 5.85 5.9 o
m (B% m¥) [GeV/c?] Z

 NOT used in the LHCb analysis
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Tetraquark searches in B ™

':(-; 6000 ~ =
! LHCDb Preliminary (a) -

D7t 66k -

S

5400 5500 5600
m(D_x) (MeV. )

LHCb-PAPER-2016-029
PRL 117 (2016) 152003

 Very large and clean B, sample at LHCb

T 3
LHCDb Preliminary (b) =

5300 5400

* Add a pion, no peak observed at 5568 MeV

5500
m(J/yo) (MeVic?)

§ 180~ LHCb Preliminary (a) B s o e E S 250/ LHCb Preliminary B i s e
e %0 . [:]Comﬂn-odd ? g C DComNrulorlnl
3 "“EResolution on mass < 1MeV E 2 200f- ]
< 120 =~ - -
2 0cBW + pOIy bkg I b deh g C pLHCb — 86% ]
1 4l i A KR ki X .
™ IEWSE Rty .g 150— + ]
o 1, L, o ! 3 = r + + ]
60 i lk i I = - C c
20 B - t .
_ o : 50— -
= ;. .......................................... Ty 3 - ++
&E ........... L R SRR | 3 v ......................... 1‘9 ...... ‘ i 0 Pl PP P P PP P P I P
O/07/ %6803 5580 5560 5580 5600 5620 5640 5660 5680. 3m0, Spectroscopy at"‘ﬁchs‘w 5560 5580 5600 5620 5640 :‘?g?n_)s[c:::w?;oo 71

m(B3r) [MeVic’]



Model independent analysis

* 2 models for A" —» pK~ contributions based on PDG
- Extended model allows all LS couplings of each resonance,
and include poorly motivated states — 146 parameters

- Reduced model uses only well motivated states — 64 parameters

- Other possibilities checked, including isospin violating decays of
>*0’s adding two new A* states with free mass & width,
non-resonance contributions, ..., would not change the conclusion

-> Confirm that conventional pK~ contributions cannot describe the
data, with minimal assumptions on their spin, and no assumptions on
their number, shapes, masses, widths, and interference patterns.
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Model independent analysis

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

 The method introduced by Babar, improved by LHCb in
Z(4430)~ analysis = essentially a 2D Dalitz analysis

e Same data set as amplitude analysis

n.
Ca
N~

Mgy @ S

m3,, , Events/ 0.02 GeV?

2 2 2
mlgp + m12/¢p + m]/tlilﬂ;
— 2
=m0 +myg + my + my,y,
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Model independent analysis

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

* The distribution of cos6,- as a function of my,, can be
decomposed as

lmax
dN
dcosf,- (Mkp) = Z)(P?)(pr)Pl(COSHA*)

 The unnormalized Legendre moment of rank [l given by

dN
dcosO -

1
(Pf])(pr) = f 1dcosBA* P;(cosO,+) (pr)

Legendre fun.

Eff. Corrected data
* Generally l,,,,x = ©©
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Model independent analysis

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

lmaX
dN
dcosé,. (Mp) = Z;(P%’)(pr)Pl(COSBA*)

* Ifonly A* - Kp contributions

(- Imax < 2Jmax

) —
2400 = E — _ ] =
200 —  — _ ||l — 77
my my/yp oo  HZ O ]
1800 : T =117
> it
1600'_—
14005—
Determined by model & scattering data k3 3355523835y
- the only model dependent part of theanalysis _t —, ., . .., ..\ .. ... .,

2 4 6 8 10
2*J-P-32 or Im,,(pr)
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Model independent analysis

LHCb-PAPER-2016-009

[ PRL 117 (2016) 082002
dN max U
dcosO .. (mgyp) = Z(Pl >(pr)Pl(COSBA*)
1=0

 Ifonly A" —» Kp contributions

K- lmax = 2] max

(3 if mg, < 1.64GeV
5 it 1.64 < myg, < 1.7GeV
myyk my yp [ma:s: = - . -
l (i 1.7 < mg, < 2.050GeV
@ (9 if mg, > 2.050 GeV

* Resonances from J/Yp, J/WPYK may have
contributions to higher orders
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Model independent analysis

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

 Legendre moments from simulation & data

simulation data

x10° ot 10’ : : . —r : i
100_I T :_I 1 I__I 1 : + 1 .
. =1 =2 [=3 1000F * 40, [=1 % =2 % [=3
N o e * L
SOF | ..'._‘ 500 ...... ' ¢¢"“‘o. 4
o DD WS » o 2% Lt £ - “nv 28,800 Saa
9 NV e = + .
: NN SN SN ; g -500t . +, | i+, . 1
100F + 1 N U T T T 4T T 1
=4 —A¥g I=5 =6 1000k I1=4 % I=5 % I1=6 ]
sof 3 | P4380)", 1 N
. P.(4450)* § S00F T T 1
B e, Sl e, s et .~ 3 R A e . "
A T T U 203 N A ik A maae Y v
oo : | simulations | 3’ N LHCb
R f f —H— } ! ~ -500gy 1 1T NP i 1 1
v 100F 1 i ] A T T 1 = i 1 1
=7 1=8 1=9 %.TIOOO- l=7 & I=8 1 =9 ]
T 1 i Vo soof I ¥ ]
[ - — '.. - - Oloogbslta - ++6+¢Y¢ e "J.“Lﬁ’ 2epbetinseeyy
; . f fH .': ————————f .- +————————]] 500, 1 bl a1 b1l 1 1
]00- - -+ - T T L S| v v 1 ! S| | L L |
=i I=11 I=12 1000} 1=10} I=111} 1=12]
sof
500f 1 1 ]
o >
Ofpesr = il e e = Ob—44 sost—goov adesst otoy A SR -
F Y 3 T v £2 2 ¥4 Tees
T T . 1 X v : T P P S |
m,  [GeV] N N m, [GeV] ’ -
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Model independent analysis

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

» Construct Hypothesis from measured Legendre moments
-Hy: AM->pK only, Il <1 .
- H, : allow contributions from high order moments up to 31

> 1000 =
3 1000F #
s $
< 800{— ¥ LHCb
5 Boor .
= b $
000F- Baghtt 4
H, rejected at b 3 o N
~10 ¢ . 0
200~ H4
04 [ ¥ R VSRS S

my, . [GeV]
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