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Overview

e Amplitude analysis of B — J/yn'r, Emoo
e [arXiv:1404.5673, PRD] \», 6000
e Amplitude analysis of B, — Jyr'n £
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e [PRD 89, 092006 (2014)] £ 3000
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o First observation of B — J/y ppn’
e [LHCb-PAPER-2014-039]

All results use 1fb! @ 7TeV and 2fb-! @ 8TeV data
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Motivation

o BOy—J/yn'n~ decays very useful for CP violation measurements and new
physics searches.

e Also excellent place to study substructure of light mesons that decay ton'n .

e Mass ordering is reversed between the scalar and vector mesons nonets
below 2GeV not well understood.

[sospin I=0 I=1/2 I=0 I=1
Scalar mesons | fy(500) k(800)  fo(980) ap(980)
Vector mesons | ¢(1020) K*(892)° w(783)  p(776)

e Are the scalar mesons [{0(500), £0(980)] qq or tetraquarks or a mixture?
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B(S){Z <« S BO{H - W g}n‘




Reminder about Dalitz plots - 3 body decay

scalar — 3 scalars Constraints Ereeegc;z? of

Py, my 3 four-vectors 112

All decay in same 3
nT Pa plane (p; . = 0)
P3, Mg Ei2 — m,? T P,'2 —3
Energy + momentum 3
conservation

L 1 y 9 Rotate system in plane -1
al’ = (2m)3 32M3 A2 dmiy dmaz 5 e

[oad]

Configuration of decay depends on angular
momentum of decay products.

All dynamical information contained in | | 2.

Density plot of mi2? vs. mz3? to infer
information on | M| 2.




4D amplitude analysis (scalar — vector scalar scalar)

Constraints Degrees of
e Boy—J/yn'n", Jy—p'n soneedto freedom
consider 3-helicities in final state. 3 four-vectors +12
: : All decay in same
¢ Use 4 variables to describe the system: blane (pY m: Or)n -3
mnn and 3 angles Q = (Gun,011y,X). E? — m? 4 p2 3
y Energy + momentum 3
conservation
Rotate system in plane —1
Vector helicity +2
Total +4
10° :
0| BW
e Use the Isobar approach. g Flatté
¢ Build amplitude from sum of two-body 1 1" >
resonances. £ 1
e Overlapping and interfering Breit-Wigner g
and Flatté resonances. % 100} BW.
e Include efficiency and background. 107
1072
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See talk from A. Alves on Z(4430)

Data sample: B’y —J/yn'n” A

No sign of exotic J/y1" resonances
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B'—J/yn'n : background

~ 800 T I I ' ]
> - o .
O . LHCb e Right-sign data _
2 ------ Like-sign data
o Y I A, background 15.5%
7 600 - -.=.=. B, background 1(.7% _
g i - = = = BY background 5.3% -
70 " Total .
Q
5 400 -
:-9 - -
= B -
§ _ -
O 200 -
0 | ' - . - S e g

0.5 1 1.5 2
m(rt') [GeV]

e Main background is combinatorial, taken from same-sign events.

¢ Use simulation to get shape of partially reconstructed B% decays and
reflections from B° and Ap.

e Use mixed sample to get 4D background parameterisation.

[QUd ‘€195 ¥0¥ 1 :ATXTE]



vt

COsS O

[arXiv:1404.5673, PRD]

B'—J/yn ' n": efficiency

E(mwwa 97‘('71'7 HJ/@ba X) — 8(m3/¢w+7m

2
J /P

e LHCDb < 100% efficient at reconstructing the decay

particles in 4D space.

e Large simulated signal sample used to model 4D
efficiency.

¢ Use simulation to show that efficiency factorises.
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B'—J/yn'n : amplitude model faxXiv:1 404.5673, PRD)

1400 ' T _ , ,
% ® Data 7] ® Build amplitude from all possible
Fit y -

s1200F 1 Signal — resonances and a non-resonant (NR)
© o Tl e Background - component.

: — - p(770 —
o 1000~ = faN oo 19:(503) 1 e Use Poissonian y?to distinguish models.
— - .= ,(1270) _ , ,
~ 800 --- o(782) —| ¢ Systematics: alternative models (Bugg and
= p(1450) - G&S) used for £,(500) and o resonances.
.2 600 . p700) -
g """ Ks 1 ® Fixresonance mass and width to PDG
:é 400 _; values.
o 200 -
@) s RS _

0 SIS W X S : e Y Baseline model
5 | 1 1.5 2
fo(500) m(rt') [GeV] ® 6 resonances
Resonance Spin Helicity Resonance Mass (MeV) Width (MeV)  Source * No NR component
formalism

p(770) 1 0,%1 BW  77549+0.34 149.1+0.8 PDG [18] * No £(980)

fo(500) 0 0 BW 913 + 32 335 = 67 CLEO [26]

f(1270) 2 0,%1 BW 1275.1+1.2  185.1729 PDG [18]

w(782) 1 0,x1 BW 782.65 £0.12 8.4910.08 PDG [18]

f0(980) 0 0 — — See text

p(1450) 1 0,=+1 BW 1465 + 25 400 = 60 PDG [18] \ [Phys. Rev. D 89, 092006 (2014)]

p(1700) 1 0,x1 BW 1720 £ 20 250 = 100 PDG [18]

fo(1500) 0 0 BW 1461 + 3 124 + 7 LHCb [27]

fo(1710) 0 0 BW 1720 + 6 135 + 8 PDG [18] o




B'—J/yn n: fit result

Transversity fractions (%)

)

Component  Fit fraction (%) 5

=0 =] r=L 3

p(770) 63.1+2.273% 574420713 234+1.7110 19241738

fo(500) 22.2+1.2733 1 0 0 3

f2(1270 7.5+ 0.61075 62 + 4713 11+542 26 + 574 o

0.6 4 9 o

i ' G

w(782) 0.6870747013 3971573 601243 S B

p(1450) 116 +£28+47  58+10%,3  27+£13%], 15+ 7%

p(1700) 51+1.24+30  40£117;3  24+147], 361475

e Baseline model keeps resonances with fit
fractions >3o0.

e Main systematics come from model variation,
efficiency parameterisation and PDG mass/
width of resonances.

e CP-even fraction is 56.0%.
e Future CP violation measurements possible.

[1Ai (M, Q)2 dmp e dS

fi = 113, Ap(Mgr, Q) 2dmdQ

Transversity basis describes angular
momentum states in a basis of CP eigenstates

Spin | o M ML
0 —1
1 1 1 -1
2 —1 -1 1 10




B'—J/yn'n": fit projections
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B%—J/yn ' n : amplitude model

[PRD 89, 092006 (2014)]

104 - L v L] v I 1 1 I 1 I 1 I I I 1 1 1 I ) 1 J
- D =
ElFi?ta f0(980) LHCb 4 Component Solution I Solution II
— - - - Signal . -
[ . Background Solution-II 7 f0(980) 703 + 1.5 92.4+ 20108,
10°k oo f0(1500) - fo(1500) 10.1 £ 0.87) 9.1+0.9+03
s F RAZIO e " 3 £,(1790) 2.4+ 04739 0.9 +0.3122
< T £(1790) fo(1790) 1 £,(1270), 0.36 + 0.07 + 0.03 0.42 +0.07 +0.04
S 10 e N - £2(1270), 0.52 4+ 0.1559% 0.42 4 0.1359
% I A ] @ 0.63 £ 0.3410.16 0.60 + 0.3610:12
2 - 1 £5(1525), 0.51 +0.0910% 0.52 4 0.091 0%
8 oL ] £0525), 0.0612:43 £+ 0.01 0.11+0,16+0.03
5 RN 0.26 = 0.1810.96 0.26 = 0.220.96
_J L 1 | 1 L 1 1 | 1 ] 1 ‘/.li/ | | "\'. : | Sum 85'2 ]‘ 10'6
1™ I | U —93738 —93739
0.5 ! 1.5 2 22 /n.df. 2005/1822 2008 /1820
m(Tttn) [GeV] ‘\‘\
e D-wave [{2(1270), {2’ (1525)] fraction is 2.3% in both solutions. CP-even
e Systematics: alternative model including 0(770) resonance.
e CP-even fraction < 2.3% @ 95% CL. Two suitable models
e CP violation measurement with BO,—J/\pm’ i * Sol-Iwithout NR; Sol-II with NR
e See talk by P. Clarke, [arXiv:1405.4140] ® Sresonances

e No significant {o(500), 0(770)
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B%—J/ya n": S-wave dominates

e Two S-wave solutions.

Plot litud d oh - b f + - Component Solution I Solution II
[
ot amp .1 ude an p. ase in 1n.s of m(n n ). 72(980) 703 £ 15708 024+ 20708
e Consistent amplitude but different £4(1500) 10.1 +0.87! 0.1+09L03
phase £6(1790) 24404759 0.9 +0.3723
e Phase cannot be well determined due to
lack of P&D waves.
T T T ] | | ] 200 b ' L I—i Cb ] | | "
(@) LHCDb 1 150 (b) A
(0]
B 7 ©
08f E 100 S
3 B D Solution I 1 ~ 50 D Solution I %3
-‘,_2 0.6 |- B Solution II i B Solution II S
o B = % 0 ~
£ - 1 & S
< 0.4 N ] -50 E
- 1 -100 -
0.2 -
- ] -150
0 A B B R B TR RS R ST BRSNS R
0.5 1 1.5 2 0.5 1 1.5 2
m(Tt') [GeV] m(t') [GeV]

Width of curve represents statistical uncertainty
13



B%—J/yn 7 : fit projections
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Light quark spectroscopy with By —J/yn'n~

e Are the scalar mesons [0 = {0(500), fo = 10(980)] qq or tetraquarks or a mixture?

Scalar meson mixing / \

/0(980)) = cospm|ss) +sinpn|nn) | [fo(980)) = %(I[SU][WDH[SdH?E]))
| fo(500)) = —sin,,|ss) + cos p,|nn), £0(500)) = |fud][@d]).

1 _
where |nn) = E (|UU> =+ |dd>) : [Fleischer, Knegjens Eur.Phys.J. C71 (2011) 1832]

15



Light quark spectroscopy with B0 —J/ym ' m”

e Are the scalar mesons [0 = {0(500), fo = {0(980)] qq or tetraquarks or a mixture?

Scalar meson mixing / \

f0(980)) = cospm|ss) +sinpm|nm) | |fo(980)) = \% (I[sul[s ) + [[sd][5d]))
| fo(500)) = —1sin ©m|S3) —|—_cos ©Om|nT), Fo(500)) = |ud]fad)).
where |nn) = E (|UU> =+ |dd>) : [Fleischer, Knegjens Eur.Phys.J. C71 (2011) 1832]

tetraquark

C(B'—=Jf fo) _
I'(BY—Jh)o)

[(By—Jipa)
(BY—Ji fo)

o))
—
@)
)
A
N
0
QO
>
(@)
o
By
l_
—
—
-
o
(©))
N
o
(@)
—
N
O
—_k
L

ratio of form factors =1

for the interpretation of results phase space

PREDICTIONS o



Light quark spectroscopy with By —J/yn'n~

1. Measure the ratio of branching fractions for B and B% s
2. Correct for BR(fo—n'n") and phase space ratio. <« @59803 = 1.29
3. Compute 1.

B (EO s T/ £o(980), f5(980) — 7r+7r—)

= (0.6107153) x 1072 > — +1.2+6.0 —2
B (B” = Jji fo(500), fo(500) — 7+7-) 00 IBo= (1.1757707) x 10
_ L
B(Bs = J/y/0(300), /o(500) > 2777) _ 5 10 » IB:<0.098 @ 90% CL

B(B; — J/wfo(980), fo(980) - z"z7)

Inconsistent with tetraquark prediction for
v fo(500) and £0(980) of 1/2 by ~80

Both consistent with O

17



First observation of B. — J/yppn"

> ~ FTT T TrTr T " T T 1 rrr 1" "1 ~ — T r T =
o o - 2 i 1=
- § 15 LHCb ] §400— LHCb 45
+ ” —— Data ” il
n B — - -
4 2 1239483 [t T o0 > [2835+ 58 + Data 2
- =10l _ I — Total 1=
> _10-7.30 #d Background 4 — | _ Signal {5
T 2 | # 1 E200F <= misID -
o S | - o I Background | &
3 > S 1 /@ L
- i"]‘u I l H“l m : - B.— JiyK" -
ﬁ - - i -
:Ié L ll1 P L 14"1 s L L .-ll N L_L--f"": N l“’l~.L J. 1 s |

o 6100 6200 6300 6400 6200 6300 6400 6500
k:. M@/ ypprt) [MeV/c?] My [MeV/c?]

n

n

;'3 e First observation of baryonic decay mode of B.. LHCDb mass combination

¢ Study mechanism of baryon production: 6(B.)/c(B)~10"

e BDT: signal from MC, bkg from sidebands. e
e B.— J/yppn mass resolution fixed to 6.4MeV, taken Iyt

from ratio in MC and fit to B. — J/yn" in data.
Jyppr*

¢ Best mass measurement, momentum scale dominates.

m(Bc) = 6274.67 + 1.20 MeV _

[P

6268

6270 6272

6274

6276 6278 6280
B mass [MeV/c?]



[LHCb-PAPER-2014-039]

First observation of B. — J/yppn"

B(B°— D* pprt)

Bf prt
Bz(s (163:_;]/%?; )) = 0.14312939 (stat) 4 0.013 (syst) BB D)

= 0.17 £ 0.02

Consistent with factorisation

e Ratio of efficiencies = (4.76 £ 0.06) % (mostly from simulation)

e Dominant systematics from B: decay model in simulation and proton reconstruction
(determined from sample of Ac—pK n").

e Bkgd subtracted mass distributions consistent with phase-space simulation.

e Looking forward to more data that may allow amplitude analysis to be performed.

Ncandidates

[~ 1 T °¢v¢t " r¢+r | I §12=-|---| ------- | L B B 40 AL B BLELEL BB BLELELEE BLELE BLELES IO T
12- = : : —~ - B — :(.R.
: LHCb | LHCb ] & s5E B — DOpp (b)_(T
- ] sof 1 27 12
10F +4- Data 1 z | +4- Data ] 5 s0Ee = 1~
[ —— — Simulati ) sk —e- — Simulati 3 = 15
8 - 1mulation - : 1mulation . 25 - I - “%
: ] 6F {1 N 5F 1%
6: 1 [ ] o é . | §
' ' [ ] @ . ‘ ‘ ] o
- ) I . "é 10 1=
T 1 7 1 o ¢ 13
[ ) :}_ ] » 5 1.5
O.. l : * : * l : l_.l. . . : : 0. Illllllllllllll.ll l.. H EII|IIIIIII|III|IIIIIIIIIII_|-+I_I:
2 2.5 3 12 14 16 18 2 22 > 22 24 26 2.8 3 3.2
M(pp) [GeV/c?] M(prth) [GeV/c?]

M(pp) (Gev/c?)



Summary

10* pg—r————— L B A
* LHCDb has used 3fb! of data to study B%y—J/yn'n" Bl LHCb
deca.YS . : ----- R}{:c;(;(g)gound

S
)
w

£,(1525)

£,(1270) <

f5000 4 .7 \
- £,(1790) d

NR

 Excellent environment to perform light hadron
spectroscopy by studying resonant structure of
T system.

......................................................................
AT Teraaaes Cer,
.............

1 IlIIllII 1 lIllIIII L1 1111l

Events/ (20 MeV)
2

e Opened up new possibilities for performing
CP violation measurements with these decays.

10

* Rule out {5(980) as a pure tetraquark at 80. L T PP NP S R
0.5 1 1.5 2
m(r*) [GeV]

~ L L R R L L R L R A LR |
RS _

e LHCD is leading the way with B meson physics % 4+ Data

e Most : ¢ S — Total
ost precise mass measurement. = --- Signal ]
e First observation of many new (baryonic) _10r 1 Background -]
decay mode. 2 [ :
o [ 1
e Opens up potential amplitude analysesinthe 2 5| -
future. - ] IH l H“[ l“ ]

|

76300 6400
_ M(J/yppr’) [MeV/c?
Stay tuned for more results with Run—Z‘ (vppr) (Ve ;]

6100 6200
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The LHCb detector 2008 JINST 3 S08005]

Particle ID Z"e“t:gtion

o(IP) =~ 20um epp (K) =~ 95% | epip (1) ~ 97%
5p/p =04 —0.6%]| MiSID(K — 7T) ~ 5% MISD(W — u) ~1—3%
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A typical LHCD event

<nPVS> ~ 2.0 ; ........................................ ___________________
(nTracks) ~ 200 F

;
o(pp — bbX) ~ 80ub \ a

o(cc) ~ 1500ub o LHCh MC

. .  |Vs=8Te
B hadrons fly ~lcm in the detector BRI TOUT I | et

8 6 -4 -2 0 2 4 6 8
TI1




Flatté amplitude

e Flatté provides better description of line
shape when a second channel opens up
near resonance mass.

e Constants gnrand gxk are coupling
constants.

1

Mm% — S23 — 1MR(GrrP1 + IK K P2)

AR(523) =

e = g 1 _ 4m72rj: +l | — 4m;2ro |
3 m2(mtn~) 3 m2(mtm)

1 Am2. . 1 4m2.,
= “4/1-— K ~4/1— —
PKK 2\/ m2(mt7—) T 2\/ m2 ()

amplitude [arbitrary units]

=
o
)

[
o
E
T

=
o
(]
T

24
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1

Remlnder about Dalltz P].Ots dF 2ﬂ- 332M3 |///| dm12 dm23

Peaks in distribution do not
correspond to a real resonance
- just a shadow/reflection

P2
P3

n
+J

Spin-1l resonance

2.0

1.5¢

0.5

0.5

1800

1600+
1400+
1200+
1000+

600+
400
200+

Modelled as product
of Breit-WiH;ner,
kinematic|and
dynamic factors

1.0 1.5 2.0 2.5 3.0 35
m23 [GGVQ ]
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10° ¢

Amplitude model BW,

=
o
S
—

Flatté

=
o
w

¢ Use the Isobar approach.

o
N
s

¢ Build amplitude from sum of
two-body 11 1Tt resonances.

=
o
[
T

=
o
o

e Overlapping and interfering
Breit-Wigner and Flatté
resonances.

BW>

amplitude [arbitrary units]

107}

-2 - 1 1 J !
10 0.0 0.5 1.0 1.5 2.0 2.5

Sum over the k resonances \ m [GeV]

M| = > > D Ay (M, Qmok, Tok)

AXy=—1,1|Ay=—1,0,1 k \

Complex amplitude that
encodes the mass and

In 4D fit, utu~ are final state

particles so different dimuon Different ]/ helicity
helicity amplitudes are amplitudes interfere angular dependence

incoherent (cannot interfere) 26



Amplitude analysis of B°—J/ym'n~ ) {?**%w“-/éz} W

Yy

ut e Similar analysis to Z(4430)
e Build 4D matrix element from overlapping
TT'TT” resonances.
e Correct for efficiency.

e No sign of exotic J/1ym" resonances...

/
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= 4000 B 3 (Y
< N - — By,
& N [ 1 D

-2 3000 = R i

= Sidebands used for E as]

8 2000 % background modelling - :

1000 F=o o\ ot B S~ " :
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g R =h : ]

HERT I P Ry N R O A il retilin

5300 5400 5500 - 10 15 20 25
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B°—J/ym n : harmonic moments

e Efficiency corrected and
background subtracted
m(T11T) distribution,
weighted with spherical
harmonics, Yi°(cosOmn).

» Structure of each moment
gives qualitative picture of
spin contributions and
their interference.

Arbitary units

Arbitary units

Arbitary units

300
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B%—J/yn'nm : harmonic moments

I

s
10? (a)<YO> LHCb
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B:.— J/y X decays, J/y = u'u”

¢ Interesting to study due to B being made of two heavy
quarks (bc).

¢ Only decays weakly, so has longer lifetime (~0.5ps) than
quarkonia, but shorter lifetime than other B mesons
(~1.5ps) due to ¢ quark.

¢ Discovered by CDF, now observed in many different decay
modes by LHCD.

e At LHCD, use clean signature of the J/y — n'u to trigger
these modes.

¢ Simulation needed to correct for efficiency of selection and
detector acceptance.

e Use BCVEGPY generator to simulate gg — Bc
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Gaussian + constant

Evidence for Bc — J/v¢ 3n" 2n~ e s
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e NN for muon and pion ID.
e pr(T) >400MeV and IP y2 cuts.

e Suppress combinatorial bkg by requiring vertex y?of all J/y " combinations < 20.

e Measure BR relative to B — ]/ 11" selected with similar selection.

 From simulation, efficiency to reconstruct 4 extra pions leads to factor 100 lower efficiency.

100 from efficiency and acceptance



Evidence for Bc = J/y 3n'2n, J/y - u'n”

e No resonant structure

combination of final state particles.

¢ Dominant systematic from fit model
and decay model in simulation.

seen in

Yield/(400 MeV/c?)

e Reweight MC with m(3m"2m") spectrum.

e Good agreement with theory
predictions of 0.95 and 1.1

e Consistent with measurements in B*

and B sectors, expected from

factorisation.

e B.— ]/ W' form factor
information from t—nrt1

BB — JAp3nt2n)
B (B — Jpmt)

s and experimental

= 1.74 £0.44 £+ 0.24
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= 1.70 = 0.34.

= 1.10 = 0.24.
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Factorisation in B. decays

e Factorise the decay amplitude into two independent parts
e Be— J/YyW"*
e form factors

e experimental information on W™ from t—n
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