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The LHC accelerator and its detectors

The LHC is designed to collide two high luminosity and high energy beams of

protons or heavy ions.
High Luminosity

@ Two general purpose high luminosity
experiments: CMS and ATLAS

. . . . RF
@ One low luminosity experiment, dedicated

to flavour physics experiment: LHCb

Octant5

=& q,
<70/
-2

@ Heavy-ion experiment: ALICE

Low B (pp)
High Luminosity
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The LHC environment

During most of 2012 run, LHC collided protons at 8 TeV with an average
instantaneous luminosity of 4 x 1032cm~=2s~1(LHCb) and 20 MHz of bunch
crossing.

Inelastic cross section ~ 60 mb

o(pp — bbX) = (284 + 20(stat) &= 49(syst)) pub [pLE 604, 209]

°
°

@ — ~ 10° BB produced per second

@ o(pp — c€X) is about 20 times higher.  [Nucl.Phys. B871 (2013) 1-20]

At the LHC energy, the bb pairs are produced T
preferentially at forward (backward) directions. ’

ol

LHCb MC
. . . fs=8TeV
@ 47 acceptance design is not optimal for

flavour physics.
@ Optimal solution is a forward detector: LHCb

/2
0, [rad]

3n/4

A. A. Alves Jr Multiquark states at LHCb November 30, 2015 4 / 66



The LHCb detector

LHCb experiment was designed to perform high precision flavour physics
measurements at the LHC.

RICH system
p.K® ID

Muon chambers
Trigger + p ID

@ Single-arm design. Covering the
Precise vertexing range 2 < 7 < 5, LHCb can

exploit the dominant heavy
flavour production mechanism at
the LHC and detects ~ 40% of
the bb produced in forward
region.

@ Good particle identification.
Excellent muon identification and
good separation of 7, K and p
over (2 - 100) GeV.

@ Good vertexing and tracking. Precise primary and secondary vertex reconstruction.
Excellent momentum, IP and proper time resolution.

@ Dataset. 1 + 2 fb™! acquired in 2011 + 2012 runs
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Quarkonia status

In QCD-motivated models, quarkonia states are basically described as qq
pairs bound by a short-distance potential approximately Coulombic
(single-gluon exchange) plus a linearly increasing confining potential at large
separations.

Charmonium mesons

@ All charmonium states below the asooln” piaars . ]
DD mass threshold have been S e
observed. [ o2 va00) , s

_ 4000 |- . = ]

@ Charmonium states above the DD o , - v
or DD* mass threshold can decay ~ °° (%" N . e
into DD and DD* final states. 300 T e ]

@ Many predicted states still not L — Predicted levels
observed. 3000 f“‘ﬁ““ ''''' Measurements N

@ Similar situation in the Beauty
sector.

Orbital levels

Figure from [Annu.Rev.Nucl. Part. Sci. 2008. 58:51-73]
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XY/ states

Many new states have been observed at c-,
b-factories and Tevatron

@ Masses lying on the limits of the quarkonia spectrum 44 _
Y(4360) .
@ Observed many different production mechanisms: ) E
+ .= 42 Xc0(3Po)
ISR, ete™, vy and B decays. b0
) The.measured masses do no-t correspond -to the g 4.0 | [y | #S ] oo B
predicted values for conventional quarkonia. 8 S T
) ) ) Moo 2T Y
@ The properties do not fit very well to the quarkonia 8 a8l . Xeal@Po)
. g o W'’(13D1)
picture. i )
7 =
Many theoretical interpretations in discussion:
. . sal
@ conventional quarkonia;
o multiquark states; a2l established ct states
predicted, undiscovered
@ meson-molecules; e
. 30| o
@ hybrid mesons;
@ threshold effects; o m o mom dm 2e

. [PoS Bormio 050(2015) arXiv:1511.01589]
The table should be updated to include some

new states: P(4380), P(4450)} ...
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XY/ states

State M(MeV) T(MeV) /7 Process (decay mode)
X(3872) 3871.68+0.17 <1.2 1" B K+(J/yn'n)
Many new states have been observed at N
. [
Charm, B-factories and Tevatron RS
@ Masses lying on the limits of the quarkonia spectrum PRI
) ) . X(3915)  3917.4+27 281 [} B—K+(J/yo)
@ Observed many different production mechanisms: XG0 el A oy o
ISR, ete™, 47 and B decays. ’ ' ce (
ete” —y+(DD)
@ The measured masses do not correspond to the PRPRAAGE
predicted values for conventional quarkonia. T OD)
e R
@ The properties do not fit very well to the quarkonia MM
picture. Y(4360)  4361£13 e sy+(yatn)

X(4630) 4634°
Y (4660) 4664112

Many theoretical interpretations in discussion: — z @0 w0

Z/(4020)  4024£2

Y(4260) = 7~ +(J/ya*)
Y(4260) — &~ +(DD*)
¥(4260) > 7 + (he ")
Y(4260) = 7 +(D°D")
¥(4260) = 7°+ (h.2°)

B

@ conventional quarkonia; »
7 (4020) 4024 +4

Z{(4050) 4051°2%

‘ @ multiquark states; Zha00) 419673 B
o 3 Z7(4250)  4248%T% Bk
LW Diquark-diantiquark o meson—molecules; Z(4430) 4477420 B
B
[+ hybrld mesons: ¥,(10890) 10888.4+3.0 ete” = (Y(nS)x'xn)
G cr-ghoon mybria ! Z; (10610) 106072420 184424 1 Y(55) > +(X(1,238)7)
. Y(58) = 7~ +(hy(1,2P)7%)
@ threshold effects; Y(58) -+ (85)
Z)(10610) 10609+ 6 1 » 20+ (Y(1,2.38) %)
. 7, (10650) 106522415 115422 1 s +(Y(1,2.38) 1)
The table should be updated to include some o an )
Y(55) 7+ (B'B')

new states: P(4380), P(4450); ...

[PoS Bormio 050(2015) arXiv:1511.01589]
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A} — K pJAb

Phys. Rev. Lett. 115 (2015) 072001

@ Sample with >26.000 /\0b — K™ pJAp signal candidates,

Analysis: six-dimensional amplitude fit (invariant masses, helicity and decay planes angles).

@ Background from sidebands. Estimated 5.4% of combinatorial background in the signal
region.

@ Six-dimensional efficiency calculated using complete simulation of the detector

background subtracted Dalitz plot

N T T 3 & [T T
© 7000 = > 26 ]
= E LHCb 3 v “°f ]
< 6000 3 e . 3
= E E o ]
2 5000 3 ST ;
g E E 22 |
(G 4000F 3 i 1
3000F E 20
2000F 3 18F
1000F E F
E o 3 1671 I I I I n
0 5500 5700 2 3 4 5 me [GGeVZ]
mJ,pr [MeV] Kp
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0
/\b

— K pJAb

Some analysis details

Two parametizations: A? — K~ (P& — pJAb) and A2 — JAp (A* — pK ™), with
J — whu~

@) [ (b) Sk
b W _uC }on W<l £ E}K
AOb 3—’_\3 Ag B —_ E RJ

Six-dimensional amplitude fit. Resonance invariant mass, three helicities angles, and two
differences between decay planes.

1 rest frame

A, res:b fraxale A, rest frame ¢"th
s 3

u o 7 A rest frame T
 rest frame .W 9F=m P, rest frame.Ww
lab frame lab frame

Lorentz transformations relates the two helicity representantions.
Resonances described by Breit-Wigner.
Angular distribution calculated using helicity formalism.
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AN — K pJap

Fit results without pentaquark states

State My (MeV) Ty (MeV) # Reduced # Extended
@ Fit including only A* resonances, allowing all ;E:“)’(;; l:lli:irli‘}l&“ WoE20 3 .
possible known states (Extended model) A(1600) 1600 150 3 4
A(1670) 1670 35 3 4
@ The masses and widths of the A* states are 15 m: - 4’ ¢
fixed to their PDG values A( 1810 150 3 1
A 1820 80 1 6
H 1 H 1 " 1830 95 1 6
@ The my, distribution is reasonably well fitted ey . - 5 ;
. . . . 1(2100 /2 2100 200 1 6
@ The peaking structure in my,, is not described Aémﬂi 573 2110 200 1 o
A(2350) 2350 150 0 6
A(2585) ~2585 200 0 6

=
—a— data % 800
—e— total fit
background )
A(1405) a4 700
A(1520) 5
A(1600) 600
A(1670) [
A(1690) Ll 500)
A(1800)
A(1810) 400)
A(1820)
A(1830)
A(1890) 300
A(2100)
A(2110) 200)
A(2350)
\(2385) 100|
! P — o
4 16 1.8 2 2.2 P 2.6 y . 5
my, [GeV] m,,, [GeV]
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AN — K pJap

Fit results with pentaquark states

@ Fit including just well motivated A* resonances (Reduced model).
@ Two PZ states necessary to achieve acceptable fit quality.

@ P(4380)F with M = 4380 + 8 £ 290 MeV/c? and I = 205 + 18 & 86 MeV/c?
JP =3/27 | fit fraction of (8.4 4 0.7 4+4.2)% and significance of 9o

@ P(4450)F with M = 4449.8 + 1.7 + 2.5MeV/c? and I = 39 4+ 5 + 19 MeV/c?
JP =5/2% | fit fraction (4.1 4 0.5+ 1.1)% and significance of 120

@ The mass resolution is approximately 2.5 MeV/c? and combined significance 150
@ Systematic uncertainties: see table in the backup slides.

—s— data
—e— total fit
background

®
3
S

= P,(4380)
--e A(1405)
G- A(1520)

A(1600)

A(1670)
- A(1690)
- A(1800)
- A(1810)
- A(1820) 300
- A(1830)
- A(1890) 200)
- A(2100)
- A(2110) 100|

o

3

g
Events/(15 MeV)

XX R ENE 33

24 26
my, [GeV]

o
My, [GEV]
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AN — K pJap

Resonant character of the pentaquark state

) P(4450)c+ amplitude is now described by 6 independent complex numbers instead of a
Breit-Wigner

@ Six equidistant points in the range 4o = 39 MeV/c? around Mo = 4449.8 MeV/c? (from
the default fit)

@ Observe a fast change of phase crossing maximum of magnitude. Expected behavior for a
resonance.

@ Same test on P(4380)1 leads to inconclusive results

L s s e a0 L A M M MM A

(a)

P,(4450)

s
T T P I T I e T T

{LHCb F
AH\‘\H\‘\H\‘HH‘H\\‘\\H‘H\\‘H\\‘\H\‘Hu7AH\‘\\H‘HH‘H\\‘\H\‘HH‘HH‘HH‘HH‘HH

70'6.35 -0.3 -0.25 -0.2 -0.15 -0.1 -005 0 005 0.1 0.15 -0.1 -0.05 0 005 01 0.15 02 025 03 035
Re A% Re A%
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Z(4430)"

Charged charmonium like state reported by Belle in B® — 1(2S)K*7~ decays
[Phys.Rev.D88:074026]

@ Searched and not confirmed or excluded by BaBar [Phys.Rev.D79:112001]

@ Can not be explained as conventional meson.

@ Minimum quark content: cZud

@ No corresponding structure observed in B® — JAp K~

+ *0 *
Z(4430)7 at Belle. K and K3(1432) vetoed. 2(4430)+ at BaBar. Legendre polynomials approach.

With Z(4430)" and No Z(4430)"
45
40
35
30

-+ Flat cosd

400 Y(2S)n K moments H §(b)_

== J/yrK moments

200 - 3 -

ool B0 \U(ZS)R-K(H‘: (d)]

Events /0.17 GeV?/c*

38 4 42 44 46 48
2
M08 (GeV/c?)

M(y' ), GeVZ/c*
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Confirmation of Z(4430)"

Phys.Rev.Lett.112, 222002 (2014)

@ Sample with >25.000 B? —

at LHCb

@ Analysis performed using two different approaches:

K+~ (2S) signal candidates,

@ Model dependent. Four-dimensional amplitude fit (invariant masses, helicity and decay
planes angles).
@ Model independent. An analysis based on the Legendre polynomial moments extracted
from the K7t system

@ Background from sidebands. Estimated 4% of combinatorial background in the signal region.

@ Four-dimensional efficiency calculated using complete simulation of the detector

g 1800
g 1400
£ 1200
£ 1000
800
600

200 sideband

signal
range

\ sideband

5250

A. A. Alves Jr

5300
Myiere [MeV]

Multiquark states at LHCb

ma.. [Gev?]

background subtracted Dalitz plot
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Z(4430)"

Amplitude fit

o Fitted parameters:
Mz (aaz0)+ = 4475 £ 753 MeV/C?,T 744300+ = 172+ 13731 MeV/ 2

a0y = (5.9 0.9733)%

e Significance: A(—2/nL) > 13.90

() T T T T ~— FT T T T =
@ data ~@-data
L 1000 i e ot it o zqaaany LHCbh S M ot it <o+~ total ftwith no Z(4430) ]
L — 20 excude N i 210°F LHCh — ze0 excues E
K (892) (] E K(@92) E
b zen E E K suae ]
¢ o
L i 8 f ]
S10F 3

Candidates/ ( 0.2 Ge
a
.

o =
e10) - *
: - €10
L i =] .
5 —K}(1430)
- 1 s et ey
. et T e ] © ! o |;{:§?g; 1 44
16 18 20 ) 22 0.5 1 15 2 22]5
mé.- [GeV?] m2. - [GeV
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Z(4430)"

Resonance character and spin determination

0
8

g
=
1

Simulated
experiments Data 1
$=0 -

8
.

@ JP =17 assignment favored.

g
__c

Smaest E @ Other JP assignments are ruled out with
large significance: > 9o

Pseudo-experiments/ 10.!

g
L=

F=1

o 3
e
I

-200 0 200

400

A(-2InL) N S —

o Z(4430)" amplitude is described by 6 2 LH% ]
independent complex numbers instead of .

a Breit-Wigner

m
o
N

T

-0.2 =

@ Observe a fast change of phase crossing l
maximum of magnitude. oap ]
@ Expected behaviour for a resonance. R P N T
ReA
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Z(4430)": model independent analysis

arXiv:1510.01951 (submitted to PRD)

The main goal is to check if the structures in the my,2s), spectrum can be
explained as reflections of the resonance activity in the K7t system.

@ No assumptions on the shape and coupling of the K* resonances.

@ Only its maximum J is restricted.

[N

g

LHCb LHCb

° [ ~ @ C T S
o F S S 0gF S
2 08 = o 08 2000 S
S sk b 2 ook "

6F 000 = 8 osf r.l'l-l b
04F Q E >
g = 04F 1500 S
02F 3000 & 02 g
oF S ofF g
E T £ 1000 3
-02F 2000 > -02 E
-04F -04F
06 1000 —06F 500
-0.8 = -08F
16 L L L L 0 _.E 1 1 1 1 0
800 1000 1200 1400 o0 4000 4200 4400 4600 4800
My [Mev/c?]

My [MeV/c]
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Z(4430)": model independent analysis

K7 system

@ Very active K7t system.
Resonance Mass (MeV/c?) T (MeV/e?) JP

@ mg, taken directly from data, as it is.

K*(800)° 682429 547424 0t
@ Angular structure of the K7t system acquired via 1"*(892)00 895.81+0.19  47.4+0.6 17
. Sk (1A = _
Legendre polynomials. A’*(mo)0 1414415 232421 1+
N , v K5 (1430) 1425450 270480 0
_ Ny lmax %14 . ;
4] TeosOyr0 = 2 me (P YPj(cos o) K5(1430)° 14324413 109£5 2+
K*(1680)° 1717427 3224110 1°
wi, . K3(1780)° 17767 159421 3°
Uy _ N, | 3
@ (PY) =305 —E=Pj(cos b .0)
‘S F T . T T ] 20000 T E
3 woooof- . LHCb 3 g oo b . LHCD
= 3 E S oof  HHeetTe E
S 50000~ = T E + 3
sk ] > M0 *. 3
B w0000 E 12000
- . 3 10000
F * ] 8000 - ]
20000 . E 6000 F- E
10000 MR E 4000 3
E . oeq oo0e, ] 2000 E
0 E T | | L_%eaed 0 E | | | 3
800 1000 1200 1400 -1 -05 0 05 1
My, [Mev/c?] oS 6,
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Z(4430)": model independent analysis

Legendre polynomial moments

The rich angular structure of the K7t system is shown by the very featured
Legendre polynomial moments.

& F q T
§ mf + Ay T Ty Bl T Yy N3
2 e T 4+, - = 1200F E S b 4+ +++ NEE
8 e RS - 8 10000 3 8 + - Yoo
Soaof v, S S T okt L byt
s E S0 + E IDURAE:
6000 E _1000F E
_s000 |- E aomf + 3
~s000f- + E 2000F- + E “200p E
LHCb 3 LHCb LHCb
10000 + B B e 3000 E
B T R R T B T e T
My [MeV/c?] My [Mev/c’] my, [Mev/c’]
< . T o . <
3 ww it s bt | i 3 > P
: d T [T fe ]
¥ + ¥ ‘++ ot dl Fe | :
-1000 4 £ 500 3
+ 2000 + B ;’+ 4] ‘ + ++ ++ ++ 4
_o000F 1 £ + +
b + LHeb ] -0k + LHcb ] a3 + H + +++ LHCb 1
F ~1000F 3
a0l E 3 3
B TR R [ T R R T To
My [Mev/c?] me, [Mevic?] my, [Mev/cd]
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Z(4430)": model independent analysis

My (25)r SPectrum

@ The moments are normalized and used to predict, through a MC simulation, the expected
my,(25); Spectrum.
@ The order of the Legendre polynomial expansion depends on the locally dominant Knt

resonances
2 mp, < 836 MeV/c2

Imax(Migx) = 3 836 MeV/c? < my, < 1000 MeV/ 2
mg, > 1000 MeV/c2.

£ LHCD Imax (MK ) ++’
Data points(black dots)

MC prediction (blue solid line)
Phase space MC (black dotted line)

Phase space MC weighted to reproduce
mg, (red line)

Yield/ (25 MeV/c?)
N

® © 66 ¢

0 3 1 1 1 1
3800 4000 4200 4400 4600 4800
Mygn [MeV/c]
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Z(4430)": model independent analysis

Slices of mxk

Toy Monte Carlo prediction in slices of my .

1)
g

T
4s00F-LHCb
E 1.0<m,, <139 Gev/c®

T
glm*LHCb @

| 2 0.836 <m,, < 1.0 GeV/c?
g
s
3
>

3

Yield/ (25 MeV.
o e
I
Yield/ (25 MeV/c?)

),
ol

"

2888

i a <
0l i L L L L anh L L L 3
3800 4000 4200 4400 4600 4800 3800 4000 4200 4400 4600 4800 3800 4000 4200 4400 4600 4800
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T
250 | HCb
My > 1.39 Gev/c®

<

gz E @ Data points(black dots)

% sl ] @ MC prediction (blue solid line)
omb , @ Phase space MC weighted to reproduce mg, (red line)
S0l , @ Clear disagreement between data and MC on the slice

1.0 < mg, < 1.39 GeV/c?

{ L L L o
3800 4000 4200 4400 4600 4800
My o5 [MeV/c]
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Z(4430)": model independent analysis

Hypothesis test

E LHC‘b

i

@ Performed using a series of pseudo-experiments produced
according with fmax (mix ).

B8

ield/ (25 MeV/c?)

@ Hypothesis test based on likelihood ratio between /max
(mKx) and  Jmax =30.

g g

@ Efficiency effects and background subtraction taken into
account in the pseudo-experiment generation.

k L L L L
3800 4000 4200 4400 4600 4800
My o5 [MeV/c)

full mg, spectrum 1.0 < mg, < 1.39GeV/c?

T T The hypotesis that the
LHCb, 1730 structure of the
My, (25)x SPectrum can
be described as a
reflection of the
i activity of the
resonances in the K7t
i ; system is ruled out
: o E with high significance.
00050005000 K ~To00 2000

-2ANLL -2ANLL
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Z(4430)": model independent analysis

Additional studies: /max < 4

full mg . spectrum

T T Ry
LHCb r 1330

@ Setting the maximum Legendre polynomial order to
four, independent of my,;

@ This corresponds to suppose the K7t system has S,P
and D waves contributing in all regions.

@ Data can not be reproduced

.. Number of pseudoexperiments
=
T T
T e T
" L

< F T T T T 3 ot
= FLHCb 22 3 :
3 14000 max <4 M 3 Ty
= E ] -2ANLL
10 12000 -
= E ] 1.0 < mg, < 1.39GeV/c?
o - = %] T T T
o r B 5 Data
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] ]
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- g 10 3
: i
E B 4L o
a o] 1
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" £
0 1 1 1 1 3
3800 4000 4200 4400 4600 4800 101k |
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wesn 0 1[!‘)0 2000
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Z(4430)": model independent analysis

Additional studies: /max < 6

full mg . spectrum

. . . o
@ Setting the maximum Legendre polynomial order to § LIHCb ‘ " Daa
L % s0
six, independent of mg T 2
10 3
@ This corresponds to suppose the K7 system has S, §
P, D and F waves contributing in all regions. §
@ Data still can not be reproduced § r 3
5
z
‘{; F T T T T ] 10 E
3 FLHCb ] L . L
2 14000 Imax < 6 {ﬁ -] ~500 500 1000 1500
= L R ) ] -2ANLL
1 12000~ =
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B u ] %
> 8000 E £
E g'10
6000 e 3
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E B 1f
] T
a k-]
" £
0 1 1 1 1 3
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Quantum numbers of the X(3872) state and orbital angular

momentum in its p°J/1 decays
Phys. Rev. D 92 (2015) 011102

Previous quantum number determinations assumed that the lowest orbital angular
momentum between the X(3872) decay products dominated the matrix element.

Significant contributions from higher orbital angular amplitudes could invalidate the 17+

assignment. It is necessary to perform again the analysis allowing more general angular
configurations.

Using the 3.0 fb~! dataset recorded by LHCb in 2011 and 2012
1011 4+ 38 BT — K*X(3872) with X(3872) — J/abmTm—.

5D analysis: all angular correlations used to measure X(3872) JPC

Tl

e
<€ K X(3872) 3 X@872) o
Jhp(1 Sy u
b . '.'ej/w(ls) 80

100
i

160
140

Candidates per 1 MeV/

60

Oxs72) P
+ . - 40
K JAp(18) P 20
5 T
K p > Lo 1L 1 1
. 0 -
by Ap(1S) ) b 740 760 780 800 820

¢x(3x7z)'¢’1u.y(|s) X(3872) A M = MITTINY) - MQ/Y) [MeV]

A. A. Alves Jr Multiquark states at LHCb November 30, 2015 26 / 66



Quantum numbers of the X(3872) state and orbital angular

momentum in its p°J/1 decays
Hypotesis test

g T R IR T
@ A large set of X(3872) JPC configurations is foot T 1
considered. 2 A i A
@ Likelihood-ratio test to discriminate between the g B et
assignments against the 17+; = T tHobsmt 1
i ) £ t=-2n[LELE)]
@ Results on data compared to simulated experiments.
) i g = Peogt
@ Data favour the 17" over the alternative hypothesis 2 | 1 T
with > 16.00; A
@ No significant D-wave fraction is found, with an < e
upper limit of 0.4% at 95% C.L. 2.4 1 ’ ]
g 009 T T T 8
2 o0s = . i
2 o e
D 0.07 - X
3 oo LHCb : -
0.05| = § A
0.04 E 000 500 0 500 1000 1000 500 0 500 1000
0.03 -
0.02] =
0.01f =
0 D‘DZ 0.04 ;;E
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Quantum numbers of the X(3872) state and orbital angular

momentum in its p°J/1 decays

Angular distributions
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BY — JAbmttm

Phys. Rev. D 87, 052001

@ The substructure of mesons belonging to the scalar nonet is controversial.
@ Many possibilities: qq, qqqq, mixtures etc.
@ (q case:
[f0(980)) = cOS@p|sS) + sin py,|nm)
[f0(500)) = —sinp,,|s5) + cos o, |nm),
where |nm) = % (Jum) + |dd)) .
@ (qQqqq case:
o(980)) = == (fsulls) + [s5)
|/0(500)) = |[ud][ud]).
@ Observable of interest for both cases:

B(B" = 74 fo(9%0)) g(500)
B(B° — Jju fo(500)) 2950)

tan? p,, = rg =

@ Prediction for tetraquark states: rf = 1/2 [PRL 111, 062001 (2013)]
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BY — JAbmttm

Amplitude analysis

o Approach similar to the Z(4430)" analysis: 4D matrix element
describing ™ 7~ resonances;

@ No evidence of JAp7t™ resonances

@ 19,000 B signal candidates

@ Background modelled from sidebands

Signal B candidates in red. &5 - ' ]
% 7000 ' ' —3 3 | LHCb ]
2 7000 LHCb 3 S - E
10, 6000 = ~ [ ]
= 5000E: 3 BT ]
g7 E ] 3
B} E E 5 [ ]
2 omk 3 gt ]
g 3 E 2 _:
(=] E - -
o E r ]
3 ; - 1=
E — = [
{»;H”H M; 1o 0: . ; :
SO LI W =
10 15 20 25
5300 5400 5500 2
m(JApt) [MeV] m2(J/prt) [GeV?]
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BY — JAbmttm

Results

§l400 T . Dalta T
() N
=0 — Fit
R BB = JWR,R— wn™) E 1200 - g;gc'gwu"d
p(770) (250 £ 0.107018)x 10~ 951000 —y
11 6 - - £(1270)
fo(500) (8.84+0.573)%x10 > 800 ;;)((17:523)
£(1270) (30+03%92)x10%  Seob [ J W 0
<
w(782) (2.740650.3) x 1077 £ 400
p(1450) (46+1.1+£1.9)x107¢ E 0
p(1700) (20+£0.5+£1.2)x107¢ o o

“m() [GeV]
@ Best fit model shows does not require f(980) component.
e Upper limit on the f,(500) — £,(980) mixing angle.
o Different from tetraquark prediction (1/2) by 8¢

tan® o, = rl = (L155759) x 107 < 0.098 at 90% C.L
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Multiquark states spectroscopy at LHCb

Previous results and prospects

Previous results:

@ X(3872) mass and production cross-section measurements [Eur. Phys. J. C. 72 (2012)
1972]. There is work in progress to update the mass measurement using the full dataset.

@ X(3872) quantum numbers determination [Phys. Rev. Lett. 110, 222001 (2013)]. In
this analysis the decay of X(3872) was supposed to proceed only via pJ/p S wave. Updated
result discussed in the previous slides.

@ Search for X(3872) and X(3915) in BT — K*pp [Eur.Phys.J. C73 (2013) 2462].

@ Evidence of X(3872) — {(25)v [Nuclear Physics B 886 (2014) 665-680]. Update with
2016 statictics.

@ Results on X(4140) and X(4274) at LHCb [Phys. Rev. D 85,091103(R)(2012)]. Full
amplitude analysis in progress using the full dataset.

There is intesive activity inside the LHCb searching for new multiquark
candidates.
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Many other results in b and ¢ spectroscopy

Access: http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

Er
ot
—
=
{to restrcted-access page]
£usLIC List of papers (Total of 284 papers
FLAVOUR TAGGING
b-HADRONS AND QUARKONIA
Search for the rare decays B’ — J /by and B — J PAPER.2015-044 PRD 16 Oct 2015
B DECAYS T CHARMONIUM
Evidence for the strangeness-changing weak decay 5 — Afm~ PAPER-2015.047 PRL 13002018
DETECTOR PERFORMANCE
A model.independent confirmation of the Z(4430) - state PAPER2015-038 PRD 07 0ct 2015
CHARMLESS b-HADRON DECAYS .
of prompt charm in pp collsions at /5 = 13TeV PAPER2015-041 Hep 06 0ct 2015
QCD, ELECTROWEAK AND EXOTICA
Modsl-independent measurement of mixing parameters in D — Ks 7~ decays PAPER 2015042 HEP 06 Oct 2015
RARE DECAYS
Measurement of the fonward backward asymmetry in Z/° —» ' i decays and detemmination of the  PAPER-2015.039 Juee 25 sep 2015
CcHaARM PHYSICS effective weak mixing angle
Studies of the resonance structure in D' — KOK 77 decays PAPER2015-026 PRD 225ep 2015
SEMILEPTONIC B DECAYS
Forward production of T mesons in pp colisions at /3 = 7 and 8Tev PAPER 2015.045 Hep 08 5ep 2015
LumnosITY
Measurement of forward J/4 production cross-sections in pp collsions at & = 13 TeV PAPER-2015-057 =3 02 56p 2015
B DECAYS To OPEN CHARM
first measurement of the differential branching fraction and CPP asymmetry of the B — mu* PAPER2015-035 Juee 015¢p 2015
decay
Measurement of CP violation parameters and polarisation fractions in BY — J /4K " decays EERETEED = CREEID
= ' in phys
Study of A2 and B’ hadrons e the PAPER2015.032 Chin Phys C 015ep 2015
1= e e
Measurement of the time-integrated CP asymmetry in D" — K3K? decays PAPER 2015.030 =3 25 Aug 2015
Search for hidden-sector bosons in B~ K*'u* i~ decays PAPER2015-036 PRL 17 Aug 2015
Measurement of the BY — 66 branching fraction and search for the decay B — ¢0 PAPER2015-028 JHep 04 Aug 2015
B favour tagging using charm decays at the LHCb experiment PAPER 2015027 ST 28Jul 2015
Measurement of the branching fraction ratio B(B; )/BB: —J /¥ PAPER-2015-024 PRD 13 jul 2015
taquark states in A} — J/GK  p decays PAPER2015-020 Phys. Rev. Lett. 115 (2015) 072001 13 jul 2015
Search for long-ived heavy charged particles using a ring imaging Cherenkov technique at LHCb PAPER.2015-002 HEP 30jun 2015
‘Angular analysis and differential branching fraction of the decay B — it~ PAPER 2015.023 Hep 29 jun 2015
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P(4380) and P(4450)

P(4380)7 observed with 9.00 in multidimensional amplitude fit. Quantum numbers
JP=3/2-

P(4450)] observed with 12.00 in multidimensional amplitude fit. Quantum numbers
JP =5/2+

Resonance behavior observed for P(4450)7. P(4380)} needs further studies.

Z(4430)"

Existence confirmed with > 13.0¢ in multidimensional amplitude fit.
Existence confirmed with > 8.00 in model independent analysis.
Quantum numbers determination JP = 1+

Resonant behavior observed.
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X(3872) quantum numbers

@ Analysis of the X(3872) quantum numbers using full LHCb dataset
@ Determination of the pJAp D wave fraction.

Light quark spectroscopy using B® — JApttm—

@ No evidence for f(980) resonance production

@ f(980) as a tetraquark state ruled out at 8¢

Thanks!
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A — K~pJAb : Systematic uncertainties

Table 2: Summary of systematic uncertainties on P,” masses, widths and fit fractions, and A* fit
fractions. A fit fraction is the ratio of the phase space integrals of the matrix element squared
for a single resonance and for the total amplitude. The terms “low” and “high” correspond to
the lower and higher mass P states. The sFit/cFit difference is listed as a cross-check and not
included as an uncertainty.

Source My (MeV) Ty (MeV) Fit fractions (%)
low high low high low high A(1405) A(1520)

Extended vs. reduced 21 02 54 10 3.14 0.32 1.37 0.15
A* masses & widths 707 20 4 058 0.37 2.49 2.45
Proton ID 2 03 1 2 027 0.14 0.20 0.05
10 < p, < 100 GeV 0 1.2 1 1 0.09 0.03 0.31 0.01
Nonresonant 3 03 34 2 235 0.13 3.28 0.39
Separate sidebands 0 0 5 0 024 0.14 0.02 0.03
JP(3/2%,5/27) or (5/2*,3/27) 10 12 34 10 0.76 0.44

d=15-45 GeV~! 9 06 19 3 029 042 0.36 1.91
L’;g A) — P (low/high) K~ 6 0.7 4 8 037 0.16

Lp, P} (low/high) — J/p 4 04 31 7 0.63 0.37

Ly 4 — I A 1103 20 2 081 053 334 231
Efficiencies 1 04 4 0 013 0.02 0.26 0.23
Change A(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 25 8 19 421 1.05 5.82 3.89
sFit/cFit cross check 5 10 11 3 046 0.01 0.45 0.13
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JAb : Slices my

Figure 8: m ,, in various intervals of mp;, for the fit with two P} states: (a) my, < 1.55 GeV,
(b) 1.55 < mg, < 1.70 GeV, (c) 1.70 < mg, < 2.00 GeV, and (d) mgp > 2.00 GeV. The data
are shown as (black) squares with error bars, while the (red) circles show the results of the fit.
The blue and purple histograms show the two P." states. See Fig. for the legend.
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/\10) — I{_})]/ll) . Slices My A

Figure 11: Projections onto m j, i in various intervals of m;, for the reduced model fit (cFit) with
two P states of J equal to 3/2~ and 5/2%: (a) mg, < 1.55 GeV, (b) 1.55 < my, < 1.70 GeV,
(c) 1.70 < mg, < 2.00 GeV, (d) mgp > 2.00 GeV, and (e) all mg,. The data are shown as
(black) squares with error bars, while the (red) circles show the results of the fit. The individual
resonances are given in the legend.
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X(3872)

The X(3872) exotic-meson was discovered in 2003 by the Belle collaboration
in B — KX(3872) with X(3872) — Jjbntn—.

X(3872) signal at CDF

@ lts existence was immediately confirmed by PRL 103,152001 (2009)

BaBar,CDF, D@ collaborations. 4500

4000

@ Quantum numbers previously constrained to 17+ or
2=+ It were just measured by LHCb as 1t+.

@ Clear signature on the X(3872) — J/ymTm~ mode.
mtm~ mass spectrum well studied.

3500

3000

2500

Candidates per 2.5 MeV/c?

T T T T T T T T T T

.,.
¢ 2200
@ Mass known to 0.2 MeV/c? and width 2000 2 2000
< 1.2 MeV/c?. 1500 3 190
£ 1600 |
1000 z [RYro
. . § 100 ¥
The nature of the X(3872) remains uncertain: 500 055 385 587 385 50
1 L Il L
@ Conventional charmonium x.1(23P1).(very unlikely) % ZOZ n W g b bl B 4 !
. = © f 7
@ Mesonic molecular state: D*°D® bound state. 3 ook o WAL
) o 375 380 385 390 3895 400
@ Tetraquark (diquark-anti-diquark). Jyr Mass (GeV/c?)
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X(3872) production studies at LHCb

At LHCb, the X(3872) can be studied using:
@ Prompt candidates: higher statistics but large combinatorial background.
o Candidates from B decays: lower statistics but more clear samples

@ Both kinds of candidates (inclusive selection)

X(3872) production studies at LHCb:

Measure o(pp — X(3872) + - --) x B(X(3872) — JApmtn)
X(3872) taken as a 17T state

Inclusive selection of X(3872) — JAbmtm—

Fiducial range: 5 < pr <20 GeV and 25 <y < 4.5

Efficiency estimated from Monte Carlo
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X(3872) production studies at LHCb

[Eur. Phys. J. C. 72 (2012) 1972]

Analysis performed on data sample with integrated luminosity of 34.7 pb™!
collected by the LHCb experiment in pp collisions at /s = 7 TeV in 2010.

o(pp — X(3872) + - --) x B(X(3872) — JApm m) = 5.4 4 1.3(stat) & 0.8(syst) nb

M(X(3872)) = 3871.95 + 0.48(stat) + 0.12(syst) MeV/c?

1600

F'LHCb
1400 :_\E =7TeV

@ 585+ 74 X(3872) signal candidates

@ Momentum scale calibration using
Jb — pfu.

@ X(3872) peak fitted with fixed width.

@ Background studied from wrong-sign pions
combinations and modeled by exponential
function.

1200

1000

Events / 2 MeV/c?

800
600F
400
200 @ Uncertainty dominated by statistics. It will
of ! ! L improve with 2011 dataset
3600 3700 3800 3900

M@/ t* T7) [MeVic?]
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Status of X(3872) mass

o World average and D°DOx-threshold are indistinguishable.
@ Mass is a critical parameter for the D°DOx-bound state hypotesis.
o Very low binding energy: Eping = 0.16 4 0.26 MeV/c?

DO

Babar (J/y o K)

BaBar B’ ¢ .

BaBar B’ L
LHCb —
Belle H
CDF

PDG 2012: 3871.68 +0.17
M(D")+M(D")

3867 3868 3869 3870 3871 3872 3873 3874 3875
X(3872) mass [MeV/c’]
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Precision D® mass measurement at LHCb

JHEP 1306 (2013) 065

@ D% mass measurement using D produced in
semileptonic B decays

@ Using D° - KK~ K*n~

@ 846 + 36 events, low Q, low systematics

Candidates/ (2 MeV/c?)

C 1 L L L |
1820 1840 1860 1880 1900 1920

o MK K" K'm) [MeV/c’] M(D°)= 1864.75 & 0.15(stat) & 0.11(syst) MeV/c?
N T UL R L NP -
'-E:' PR R Lt TR N A ) e

ACCM

This result reinfor<_:e§ that if
X(3872) isa D°DO bound-state, it KPR

is loosely bound. creo i |
i i i PDG Average 1864.92 % 0.16 =
@ Consistent with arxiv:1212.4191:
LHCb ——i
M(DP) = 1864.851 + 0.020(stat)
New average 1864.84 +0.12 Ce

1863.5 1864 18645 1865 18655 1866
D° mass [MeV/c?]
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X(3872) quantum numbers determination

Phys. Rev. Lett. 110, 222001 (2013)

o Using the 1.0 fb™! dataset recorded by LHCb in 2011

e 313+ 26 BT — KTX(3872) with X(3872) — J/ymtn—.

® 5642+ 76 Bt — KH(2S) with ¥(2S) — Jmtr—.

@ 5D analysis: all angular correlations used to measure X(3872) JPC¢

. 9

T i

= LI T
- = 1200F 200p V29 7o X(3872)
x(3872) " X\ a F 009 {¢
< K — L\ Emog— a0 5
IS\, 41 g 4
; S soof ]
B 76, 3 600) 5
$ ums) 5
weoos 2 soof 400 1z
[=] -
. 5 - 200} {4
¢X(3x72) O g 400
é B U
200f LHCb ]
~ Dymp1) ) O ok I 1 1
dxewbimas) x(3872) 600 800 1000 1200 1400

Mz diy) - M(J/y) [MeV]
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X(3872) quantum numbers determination

Phys. Rev. Lett. 110, 222001 (2013)

@ Two X(3872) JPC configurations are considered: 1++

<120 . T . 1

and 27F; S ail candidates LHCb

- . L © 100 =

@ Likelihood-ratio test, to discriminate between the £t 1

assignments; 2 aof ]

. . 27 ]

@ Compare the results to simulated experiments; S F T ]
- B0f=

@ Data favour the 17+ over the 2=F hypothesis at 8.40; g El ]

Q9 40f ]

E —=— Data ]

p=} 4

£ 0ETT T T ILHCbI 1 Z ,f — Simulated J7°=1** 3

5 F E I S : PC_oy+ ]

2ok . Sllmulated:l =2 | ]

£ F ¢ simulated o2+ Simulated SOu1t S0 ' ! ' B

g 1055- A 1 |cosb,,| > 0.6 ]

s F E 40 3

3 10 1 ]

£k 3 Tyata X aof 1 3

Z10p f 4 3 1

E A A\ I S l—‘ “—[ ....... :

10 3 : A E 2 H B . ]

E L L i 'y E H :

200 -100 0 100 200 1or E

£=2In[ LEYL(T)] ]

1 1 1 ]

] 05 0 0.5 1

This result favours the interpretations of X(3872) as an exotic coshy

state.
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Search for X(3872) and X(3915) in Bt — K™pp

Eur.Phys.J. C73 (2013) 2462

@ Search for B — KX(3872) with X(3872) — pp;

@ 6951 4 176 candidates of B* — K™pp

@ —9 £ 8(stat) £ 2(syst) candidates of X(3872) — pp
@ 13+ 17(stat) + 5(syst) candidates of X(3915) — pp
o B(B' K X(3872))xB(X(3872) +pD) _ 0 008 @95% CL

B(B* K I/ )< B(Jp —pD)
B(BT—K*X(3872)) x B(X(3915)—pD) 0
("] .
BB SR B S < 0.032@95% CL
=§1oou:— LHCb E ‘g | LHeb
2 soof- 2) 3 2 b)
= % E = 40 X(3915) ]
X(3872)
2 600f- 3 g + + k
é a00F- _E E ZO:FH-+ 'Jf'_*—:
2 a0 foky sttt 4 sz 7
E 200F furreedy = - e,
S F S E s
5150 5200 5250 5300 5350 5400 © s 3850 3900 3950 2000
M [MeV/c?] M,; [MeV/c?
3 B t 3 5 £
I ORI = &3 T
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Evidence of X(3872) — P (2S)y

Nuclear Physics B 886 (2014) 665-680

Radiative decays of the X(3872) provide a valuable opportunity to understand its

nature.

@ The X(3872) C-parity has been determined studying the X(3872) — yJAb decay.

B(X(3872)>(25)7)

@ Ry, = B(X(3872)= /D7)

@ Analysis performed using 3 fb™! collected in 2011
and 2012.

@ Observed 4.40 evidence of X(3872) — (2S5)v in
BT — K*X(3872) decays.

Decay mode

Parameter X(3872) — JAby X(3872) — P(2S)y

mpe  [MeV/Z 5277708 5281.9+ 2.4
mxs2) [MeV/c?]  3873.4+34 3869.5 & 3.4
Ny 591 + 48 36.4+ 9.0

A. A. Alves Jr Multiquark states at LHCb

can give information about the internal structure of X(3872).
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Evidence of X(3872) — P (2S)y

Nuclear Physics B 886 (2014) 665-680

B(X(3872) — P(25)y)

R, = =246 +0.64+0.2
VS = TRX(3872) = Jfb ) 00.64£0.29

@ These results disfavours D*9D% molecule hypothesis

_ BaBar 2009

Belle 2011

LHCb

predictions for pure cc state

I prediction for pure DD* model

predictions for admixture of cc and DD*
22z

R
Yy
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The X(4140) and X(4274) candidates

©
T

Two exotic resonance candidates
observed by CDF in BT — JAp pK*
decays and decaying into JAb ¢ .

[Ref. Phys.Rev.Lett. 102.242002, arXiv:1101.6058].

)
T T

Candidates per 10 MeV/c?,
~

& o o ¢
T T T

Candidates per 10 MeV/c?,
N

A g
IS "wr-.”

MK K)-m(up) [Gevied

@ 115+ 12 candidates of B¥ — JAp pK*

© X(4140) candidate with Msx(4140) = 4143.4737 £ 0.6 MeV/c?,
Mx(4140) = 15.3fé(_’1'4 + 2.5 MeV/c?, with yield of 19 + 6 and statistical

significance of 5.00.

® Maybe a second state: My (4274) = 42744784 + 1.9 MeV/c?,
[x(a274) = 32.37355 £ 7.6 MeV/c?, with yield of 22 + 8 and statistical

significance of 3.10.
@ CDF results imply:
B(BT — X(4140)K™) x B(X(4140) — JAp ) =

A. A. Alves Jr Multiquark states at LHCb
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The X(4140) and X(4274) candidate

Belle experiment also have searched for X(4140) and X(4274)

[see J. Brodzicka, Heavy flavour spectroscopy (LP09)]

Events /(0.01 GeVic?)

@ Belle accumulated more events on BT — J/ip@dK™ than
CDF but could not confirm or exclude the X(4140).

@ Loss of efficiency near the threshold resulted in a lower
sensitivity to X(4140) at Belle.

@ B(BT — X(4140)K*) x B(X(4140) — J/ih¢) < 6 x 107°

iz

[n summary:

Charmonium states at this mass are expected to have much larger widths because of open
flavour decay channels.

Their decay rate into the J/Ap$ mode (so near the kinematic threshold) should be small and
unobservable.

Then, the observation by CDF has triggered much theoretical interest about the nature of
this candidates.

The existence of X(4140) and X(4274) candidates remains unconfirmed.
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Search for X(4140) and X(4274)

10, T T T

o The LHCb sensitivity to X(4140) gl e -
signal is a factor two better than in = (Ba; oK 7]
CDF. % 6 .

@ According the CDF results, we =g ]
should observe 35 + 11 X(4140) ST
signal candidates and 53 419 T Hirs
X(4274) signal candidates. > Al Ay

@ No narrow structure is observed near f o b) -
the threshold. wel I _

@ The fit shown in (a) gives a X(4140) § a
yield of 6.9 4.9 events and a g, THdeodlas
X(4274) yield of 3.4%%7 events. ©1

@ The fit shown in (b) gives a oo~ 1209 ,\}lz((j(,’w(p) MO (MeV"
X(4140) yield of 0.6 events with a - The solid red line represents the result of the fit to
positive error of 7.1 events and zero our data. _

. . - The dashed blue line represents the the expected
signal X(4274) events with a signal amplitude from the CDF results.
positive error of 10. - The top and bottom plots background functions are:

a) efficiency-corrected three-body phase-space;
b) quadratig polyneminal.
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Results on X(4140) and X(4274) at LHCb

Phys. Rev. D 85,091103(R)(2012)

The results of the search for X(4140) and X(4274) at LHCb are the two following
limits calculated at 90%CL:

B(BT—X(4140)K ) x B(X(4140)— J/1h )
B(BT—= I/ ¢KT)
LHCb(a) | LHCb(b) CDF
< 0.07 < 0.04 0.149 £0.039 £+ 0.024

B(BT—X(4274)K1) x B(X(4274)— J /1) $)

B(BT—J/p¢KT)
LHCb CDF (our estimate)
< 0.08 0.17 +0.06

In conclusion, LHCb performed the most sensitive search for the narrow X(4140)
and X(4274) structures and:

@ Does not confirm the X(4140) state previously reported by the CDF
@ Does not observe any evidence of the X(4274)
@ The LHCb results disagree at the 2.40 level with the CDF measurement.
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The LHCb trigger and dataset

Running conditions in most of 2012

@ LHC: 20 MHz bunch crossing

@ Luminosity: 4.0 x 1032em—2s71, using
luminosity leveling

@ Visible interactions rate: 12.0 - 14.0 MHz
@ LO output rate: 950 kHz

@ HLT output rate:4.5 kHz

@ Event size: 60 kB

40 MHz bunch crossing rate

v >

L0 Hardware Trigger : 1 MHZ
readout, high Er/Pr signatures

400 kHz
W/pu

Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to
trigger time constraints

5
o 2 . 2012 Mixture of exclusive and inclusive
= . gﬂisér‘eéﬁ:rr::\esﬂy 221157 ] selection algorithms
T of Recorded Luminosity 2.08 fb'' g U
o 2011:3.5+3.5TeV
> Delivered Luminosity 1.21 rb*‘
> Recorded Luminosity 1.10 b 5 kHZ Rate to storage
> 1.5} ?ch»c&citum'\u:ﬁ(‘, %%:r’%' -4
&= ecorded Luminosity
2 2011 2 kiz 4 = 1 kHz
c . Inclusive/
g 1+ Inclusive Exclusive Muon and
3 Topological p— PERT
8 ogf ) L
g 37 pb~" acquired in 2010
5}
£ 0 —1 . .
c
£ Apr Jun Aug oct Dec 1 b~ acquired in 2011
—1 . .
2 fb~*' acquired in 2012
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X(3872) mass measurement at LHCb: uncertainties

Source of uncertainty Ao /o %) ) Am [MeV/e?]
- - - Category Source of uncertainty o e
X (3872) polarization 2.1 1(28) | X (3872
X(3872) dccay model 1.0 Natural width - 0.01
i . : _ Radiative tail 0.02 0.02
X (3872) decfay width 5.0 Mass fitting Resolution - 0.01
Mass resolution 5.8 Background model 0.02 0.02
Background model 6.4 M. . N Average momentum scale 0.08 0.10
omentum calibration .
Tracking efficiency T4 7 dependence of momentum scale | 0.02 0.03
Track v2 cut 2.0 Detector description Energy loss correction 0.05 0.05
; X 2 ' ) Detector alignment Track slopes 0.01 0.01
Vertex X cut N 3.0 Total 510 012
Muon trigger efficiency 2.9
Global event cuts 3.0
Muon identification 1.1
Integrated luminosity 3.5
J/¢ — " p~ branching fraction 1.0
Total 14.3
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Search for X(4140) and X(4274) at LHCb

o LHCb searched for X(4140) and X(4274) in a sample with 0.376 fb™*
of 2011 dataset [Ref. Phys. Rev. D 85, 091103(R) (2012)].

@ Background subtracted sample with 382 +22 B* — JAp KT events

> T T T > T T T
= s
80 — 60 .
2 LHCb 2 LHCb
@ B = JIWYK'K'K" ] - B' L JipgK® |
= 60F 4 8
kel o | _
'.g 8 40
©
S aor 1 £
O
20+ .
20+ .
fol.= e M e i || ) il Y a LN o= N L L
1000 1050 1100 1150 1200 510 5200 5300 5400 5500
M(K'K") [MeV] M@I/Y¢K) [MeV]
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Search for X(4140) and X(4274) at LHCb:efficiency

1.2 T T T T

IIHIII

LHCDb simulation

Relative efficienc
o o
()] —— (o] .

- B = J/peK®
0.4f -
0.2f .
0 AP PR R ERPRTI RPN |
1100 1200 1300 1400

M/W@-MI/y) [MeV]
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X(3872) quantum numbers: previous measurements

CDF

@ Sample dominated by prompt X(3872)

@ 3D analysis: fit to m™nt~ and JAp helicity angles and te angle between the ™~ and JAp
decay planes

@ X(3872) JPC constrained to 1T+ or 2=
@ Phys.Rev.Lett.98:132002 (2007)

BaBar

@ Observed 34 +7 X(3872) — wJAp
@ Study of w — m~ntn® mass distribution favoured 2—F, but 1t+ was not ruled out.
@ arXiv:1005.5190, Phys. Rev. D 82, 011101(R) (2010)

Belle

@ Observed 173+ 16 B — X(3872)K, with X(3872) — JAbntn~ and JAp — ptp~

@ By studying one-dimensional distributions in three different angles, Belle concluded that their
data were equally well described by the 1t+ and 2=+ hypotheses.

@ arXiv:1107.0163, Phys. Rev. D 84, 052004 (2011
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X(3872) production studies at CMS

CMS collaboration performed detailed X(3872) production studies using the
decay mode X(3872) — JAbmtm—, with JAp — utu~ and 4.1fb~1 7 TeV

© Measurements are performed in the range 10 < prx(3g72) < 50 GeV
and rapidity |y| < 1.2.

@ Detailed study of the dipion mass showing the decay proceeds
dominantly through a intermediate p

x10° 1
> , , —— — BARARERSS AR RaAASARARR AR
2 100 Clem > %% CMS \E=7TeV ]
10<p <50GeV o L qof M<izs L=211" 3
w Iyl<12 z O] -
g vl total fit -~ Simulation: X(3872) - Jly x'x" (non-resonant)
[ 30; bad‘?m""d B f- — Simulation: X(3872) —» Ji
8 r ) signal g 10F e 4
g I L r
s _f z 3 [
e 8o g 1 S 8- E
S s 1 o r
O [ - o
401~ R I3 1 = 6 3
8 37538 385 38 385 -
[ i G [
20 Ar 3
27 -
] 1 1 | C +
36 37 38 3.9 4 +
m(Jy ') [GeV] 04 ‘ ‘ ‘ ‘ ‘ 1
) 05 055 0.6 065 0.7 075 0.8
[arXiv:1302.3968] m(r'n) [GeV]
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X(3872) production studies at CMS

@ Ratio of the X(3872) and {(2S) cross sections times their branching
fractions into JAp "7t~ measured in function of pr.

@ Fraction of X(3872) originating from B decays.

e Prompt X(3872) differential cross section times branching fraction into
JAb 7ttt and comparison with theory prediction.

o 012 T T
CMS Vs=7TeV c - - q — . - -
0.1 L=48M? E 9 CMS \5=7TeV | 2 1B CMS \5=7TeV |
lyl <12 c 0.5 L=481" 3 0] R L=48f" 31
0.1F E £ Iyl<12 3 lyl<12
= = ]
ol —LO NRQCD
0.09}~ - Q A LO NRQCD uncertainty |
3 o
0.08F E < §
9 53
0.06f~ 3 a ©
5 ] © .
0.05)- B Z 01 E 102F ; -
Il Il Il ] ]
00462030, a0 50 R s ] \ \ s 1
p_(Jp 1" ) [GeV] 9% 20 30 40 50 10 15 20 25 30
T p,(Jw " ) [GeV] p (Jw T ) [GeV]

[arXiv:1302.3968]
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JAb 7t mass in
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Spectroscopy in light quark sector: B® — JAp o

Phys. Rev. D 87, 052001

@ The substructure of mesons belonging to the scalar nonet is controversial.
@ Many possibilities: qq, qqqq, mixtures etc.
@ (q case:
[f0(980)) = cOS@p|sS) + sin py,|nm)
[f0(500)) = —sinp,,|s5) + cos o, |nm),
where |nm) = % (Jum) + |dd)) .
@ (qQqqq case:
o(980)) = == (fsulls) + [s5)
|/0(500)) = |[ud][ud]).
@ Observable of interest for both cases:

B(B" = 74 fo(9%0)) g(500)
B(B° — Jju fo(500)) 2950)

tan? p,, = rg =

@ Prediction for tetraquark states: rf = 1/2 [PRL 111, 062001 (2013)]
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Amplitude analysis of B® — JAptrmi-

Phys. Rev. D 87, 052001

o Approach similar to the Z(4430)" analysis: 4D matrix element
describing ™ 7~ resonances;

@ No evidence of JAp7t™ resonances
@ 19,000 B signal candidates
@ Background modelled from sidebands

Signal B° candidates in red. T OF ' ' i
o F T T T = > C 7
> E 3 (8 E LHCb ]
s LHCb E R ]
8 E o F ]
= E BT ]
Z E B 3F —
g E & L ]
g E g N ]
£, é 2 E
o = r
o E : 1

i ) 1
ity o 0 o :
SO 3 W o=
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m(JAprr) [MeV] m2(J/p*) [GeV?]
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Amplitude analysis of B® — JAptrmi-

Phys. Rev. D 87, 052001

T
e Data

R B(B" = JJ)R,R — 7*7") % 1200 — Egkgd
p(770) (2.50 4 0.1015)x10~° % 1000 e
fo(500) (8.8+05)x1076 = 800 L
F>(1270) (30+03%92)x100 S 00 — b
w(782) RTHERD X107 £ 40

p(1450) (4.6 £1.1+£1.9)x10°¢ E 0

p(1700) (20+£0.5+£1.2)x107¢ o Pl

" m(@) [GeV]
@ Best fit model shows does not require f(980) component.
e Upper limit on the f,(500) — £,(980) mixing angle.
o Different from tetraquark prediction (1/2) by 8¢

tan® o, = rl = (L155759) x 107 < 0.098 at 90% C.L
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