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@ The LHC accelerator and its detectors.
© Resonances

© Parametrization of line-shapes

@ Spin formalisms and angular correlations
© Commented result: Z(4430)

Q@ Summary
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The LHC and its detectors

The LHC accerates and collides two high luminosity and high energy beams of protons or heavy ions.

Low B (pp)
High Luminosity

@ Two general proposal high luminosity experiments:

CMS and ATLAS.

@ One experiment dedicated to flavour physics: LHCb.

@ 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 10%?cm™?s™ (LHCb) and 20 MHz of bunch crossing.

@ Inelastic cross section ~ 60 mb
@ o(pp — bbX) = (284 + 20(stat) + 49(syst)) ub
[PLB 694, 209]
e ~ 10° BB produced per second
LHCb MC
@ o(pp — ccX) is about 20 times higher. {s=8Tev

[Nucl.Phys. B871 (2013) 1-20]

At the LHC energy, the bb pairs are produced

preferentially at forward (backward) directions.

@ Optimal design is a forward detector: LHCb 0, [rad] ™2

/2
S g, [rad]
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The LHCb detector

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

Muon chambers
Trigger + u ID

RICH system ‘

VELO
Precise vertexing

@ Single-arm design. Covering the range 2 < n < 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.

HCAL, ECAL and Preshower/SPD
Trigger +7/e energy and ID

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

@ These same features make LHCb very suitable for precision spectroscopy studies in the forward region.
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The operation of the LHCb detector

Runs | and |l

LHCb 2015 Trigger Diagram LHCDb Integrated Recorded Luminosity in pp, 2010-2016
. g * 2016 (6.5 TeV): 1.67 /fb 2012

40 MHz bunch crossing rate S oE 2015 65 Tev): 032 o /j—‘
é 18— o 2012 (4.0 TeV): 2.08 /fb /
5 E © 2011 (35TeV) 111/t

LO Hardware Trigger : 1 MHz E 2010 (35 TeV): 0.04 /b
N " T 2016
readout, high Et/Pr signatures g

. 2011

450 kHz 400 kHz 150 kHz i, 2”7

h* [y e/y - Ve
A A E P
06 "’
. // 4
Partial event reconstruction, select 02 M
displaced tracks/vertices and dimuons L I - Aﬂv—t—t—
. ay " Month of year
Buffer events to disk, perform online ‘ Run | (2011 + 2012) ‘ Run 11 (2016)
detector calibration and alignment
Bunch spacing 50ns 25ns

Eom 7TeV/ 8 TeV 13 TeV

1
9! Luminosity 142 fb >5 fb~!
12.5 kHz (0.6 GB/s) to storage Bunches up to 1262 ~2622
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Resonances

Generalities

The simplest definition for resonances is that they are extremely short lived particles, with lifetime
around 10 2® seconds or less. In more technical a way, resonances are poles in the unphysical
sheets of the S-matrix, which manifest themselves as structures in experimental observables.

@ Usually, resonances show up as peaks in cross-sections and decay density probabilities as a
function of the energy.

@ The width is also connected to decay channels accessible to the resonance and can also be as
small as sub MeV/c? or as large as several hundred MeV/c?.

o Well isolated, relatively narrow and far from the threshold resonances can be described by
standard Breit-Wigner parametrization.

@ Overlapped or close to the threshold resonances usually require more refined treatment.

The PDG review on resonances and the references therein are good starting points on the subject.
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http://pdg.lbl.gov/2017/reviews/rpp2017-rev-resonances.pdf

Dimuon invariant mass at LHC

13.1 fb™ (13 TeV, 2016)

> 1 011 Trigger paths
8 o CMS -
Z 10 Preliminary Iy
2 400 Jhp :gs
S ¢ : — v
Lﬁ 108 P Y I 'ow mass doublelmuon + track
double muon inclusive
107 N © -
Z
10°
10°
10*
1 1 11 11 | 1 1 1 1 1 111 | 1 1 1 1 1 111 |
1 10 102

utu” invariant mass [GeV]
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Resonances

Parametrization

For example, for a single resonance R in B — Rc, with R — ab, one can right

8BER

=5 : Yr(S),s = mgb
s — Mg(s) + iMg(s)I'r(s)

Az = —78(5)

@ gg and gr are phenomenological couplings.

° Yr(s) = q,L?RFLR(qR, dr,o). Here Lg denotes the angular momentum of the decay products and F;,
is a phenomenological form factor. The common choice for F;, are the Blatt-Weisskopf functions.

o Mg(s) = Mg o + M(s) is the mass function. For narrow and isolated resonances: Mg(s) = Mg .

@ [z(s) is the resonance’s width. For narrow and far from threshold resonances: T'g(s) =T

In summary, for isolated, narrow and far from threshold resonances one can use the standard
Breit-Wigner parametrization. The Breit-Wigner parameters Mgr and 'p agree with the pole
parameters only if Mgl <| Mz, — Mz |.
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Multi—particle final states - Isobar model

The basic idea behind the Isobar Model is that any many-body reaction can be modeled as a tree
of subsequent two-body decays. So, one can parametrize decays to multi—particle final states in
terms of successive decays of two—body resonances.
@ The process is dominated by two-body processes.
o Different intermediate states can interfere if the internal tree configuration is not unique
given the final state.
@ The full amplitude is the coherent sum of all combinations, integrated over all internal
degrees of freedom.
@ The final probability density for the reaction is integrated over all unobservables.

gl
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Resonances

Example of observables

Please, consider a decay chain like B — Rc where R is a resonance decaying to R — ab

Magnitude Phase

ab
r r T
10000 [
8000
6000
- J
2000
7l
N S
m3b
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Resonances

Parametrization: more complex situations

For resonances occurring close to the threshold, one needs to use
q 2Lptl MR FL (q7 qO)
Fr(s) =Tro | — — =
do S FLR(QR, o)

@ Non-constant gg and gr couplings and different phenomenological form factors.

@ If there are overlapping resonances, it is generally incorrect to use a sum of Breit-Wigner functions.
K-matrix formalism can be more appropriate.

@ Resonances at threshold can be better treated using the Flatté parametrization.

If none of these alternatives are enough to get a good description of the data, custom formalisms
needs to be developed starting from the general features of the Scattering Theory.
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Angular analysis

As with everything else resonances carry quantum numbers and are, of course, also subject to
conservation laws. The study of the angular distributions and correlations is mandatory to
determine the quantum numbers of the resonances. There are different spin formalisms, but all of
them are developed studying the representations of the Poincaré group:

o Non-relativistic tensor formalism (Zemach).
@ Spin-projection formalisms.

@ Relativistic tensor Formalisms (Rarita-Schwinger).
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Zemach formalism

This formalism uses pure spin tensors to avoid the explicit construction of spin wave functions
and evaluates the amplitudes always in the rest frame of the decaying particle, avoiding the
complications arising from the use of the four-momentum indices.

@ It is non-relativistic and gives corrects results only for decays of spinless into spinless final
states.

@ The angular distributions are proportional to Legendre polynomials on the cosine of the
helicity angle, multiplied by powers of pg:

Z,(0) x (—2gp)-P,(cos(9))

@ Fast computation and simple for small orbital angular momentum and spin values

@ Very popular among the Dalitz's plot analysts.
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Spin-projection formalisms

Basically, one starts with the particle states at rest, then develops the corresponding standard
representation of angular momentum and finally applies rotations and “boosts” to obtain states
for relativistic particles with arbitrary momentum. In summary, the formalisms developed in this
way differ in the choice of the quantization axis.

@ Helicity Formalism. Quantization axis parallel to the direction of motion. Particle are described at
rest by eigenstates of helicity and momentum then ones applies a rotation to direct the quantization
axis to the direction of movement followed by a boost in that direction to get the particle with p

p,A) = B(0,0,p)R(¢,0, —¢)[A)

@ Canonical Formalism. The quantization axis is diagonal to the direction of motion. The spin
z-component is defined only in the particle’s rest frame. A boost is applied to obtain the particle
with p:

P, s;) = B(P)ls;)

@ Tranversality Formalism. Similar to helicity formalism, but the quantization axis is chosen to be

normal to the direction of motion.

A. A. Alves Jr (UC) Resonances January 9, 2018 15 / 32



Steps to build a spin formalism

Chosen the formalism, from the starting points discussed in the previous slides, one needs:

@ Define the single particle states with given momentum and spin component in the chosen
base.

@ Define the two-particle states in the center-of-mass system and the corresponding amplitudes.

© Define the transformation formulas to states and amplitudes of given total angular
momentum.

©Q Apply the symmetry restrictions on the amplitude: parity, time-reversal.

© Derive formulae for observable quantities, distributions etc.
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Examples of angular distributions

Below an example of three resonances defined by the same line-shape, but with different spins.1

L=0 (S-wave) L=1 (P-wave) L=2 (D-wave)
< 30F —~ 30 = ~30F
N(\J E ‘,‘\) 30 F Qg 30 F
A 87} &
w820 w220 w820 F
151 15F 151
10F 10F 10F
50 5 5F
0 E 1 1 1 1 I 0 E ! L L ! 1 0 E I | 1 1 1
o 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
m?, (GeVZ/c*) m, (GeV?/c*) m2, (GeV?/c*)

1 .
Thanks to A. Poluektov for the figures.
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Examples of interference between resonances

Below an example of three spin-0 resonances defined by the same line-shape, but with different
phases between them.?

§=0° § =90° § = 180°

S 30F S 30F S 30
e e f e
> o5k > o5k > o5k
v 25 2 25 ® 25
e e e
~220 F ~220F w220 F
151 15 15
10 10 10
50 5C 5F

0:‘.‘.I‘.‘.\.‘.‘I‘.H\HHM 0:.‘.‘\.‘.‘I‘.‘.\.‘..\.‘.‘I‘ 0:‘.‘.I‘.‘.\.‘.‘I‘.HI‘.‘.\.

0o 5 10 15 20 25 0 5 10 15 20 25 o 5 10 15 20 25

m2, (GeV7/c*) m2, (GeV’/c*) m2, (GeV?/c*)

2 .
Thanks to A. Poluektov for the figures.
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How to measure the quantum numbers of a resonance?

@ Be sure the bump you are observing is signal. Efficiency correction, background subtraction,
resolution effects...

@ Identify the possible quantum number assignments (respect the conservation laws ).

@ Write down an amplitude and a fit model corresponding to each possible resonance quantum
number.

@ Go ahead, fit the models and perform hypothesis tests to identify which is the model
prefered by data.

@ Each model corresponds to a set of quantum numbers for the resonance.

Easier said than done!
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7 (44

@ “Charged” charmonium like state decaying into {p(2S)7™ first reported by Belle in
B® — P(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® — Jhp K™

7(4430) " at Belle. K*® and K3(1432) vetoed.

Z(4430) at BaBar. L d | ial h.
With 2(4430)~ and No 7(4430)~ ( ) a arl ar i ?gen re polynomials approac|
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Confirmation of Z(4430)~

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

@ Model dependent. Four-dimensional amplitude fit (invariant masses, helicity and decay planes angles).

at LHCb

Sample with >25.000 B® — K"~ (25) signal candidates,

Analysis performed using two different approaches:

@ Model independent. An analysis based on the Legendre polynomial moments extracted from the Km system

Candidates/ 1 MeV

signal
range
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5300
Myire

sideband

[MeV]
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M3 [GeV?]

22
21
20
19
18
17
16
15

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

Four-dimensional efficiency calculated using complete simulation of the detector

background subtracted Dalitz plot
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Z(4430)"

Amplitude fit

o Two possible decay chains: B® — K*%(25) and B® — K*7(4430)" where
K* - K", Z(4430)" — Pp(2S)m and p(25) — pu

@ The decay is described by four independent observables: invariant masses (1), helicity angles
(2) and angle between the decay planes (1).

@ The angular distributions are calculated using the helicity formalism and resonances are
described by Breit-Wigner line-shapes.

2

Ky Ty A I 1A ,moz, [
‘M (mKﬂ-,mwr|{{719,)\1».})%:71,0)17m0k7 Ok f e \A2ai g, Moz Toz

- ¥

AX,=—1,1

Z Z A, Rimgxmor, o k)d‘ﬁ. o(Ox)e 0 0d} Ay (6y)

Ap=-101 k

2

+ Y Az R(myslmoz,Toz)dyz(02)e™ % dyg o, (07)¢ M0
A=-1,0,1

The free parameters are the resonance masses, widths and the complex coefficients of the

amplitude sum.
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Z(4430)"

Amplitude fit

@ Fitted parameters:

M = 4475 £ TR MeV/EE T

Z(4430)

@ Significance: A(—2/nL) > 13.90

Z(4430)~
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Z(4430)"

Resonance character and spin determination

o 300F . . ——]
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% 2501 Simulated E
F experiments 1
£ 200F r-0 paa 3 p .
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150 3
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Z(4430) : model independent analysis

Phys. Rev. D 92, 112009 (2015)

The main goal is to check if the structures in the my,os), 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.
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Z(4430) : model independent analysis

K7t system

Very

active Kmt system.

m,. taken directly from data, as it is.

Angular structure of the K7t system acquired via Legendre
polynomials.
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deos0, 0 "5 (P )Pj(cos b, o)
PU — Nreco W:ignalp i
(Pi) = 2212y — 2= Pj(cos b))

e —— ]
60000 - S LHCb 4
50000 - b
40000 b
30000 . =
F 3
20000 - -
C .
10000 S ., e
E o ®%eesestecsseseses®® e,
OMI N B DA T
800 1000 1200 1400
My [Mev/cd

A. A. Alves Jr (UC)

Resonances

Yield/0.080

Resonance Mass (MeV/c?) T (MeV/c?) JP
K*(800)" 682+£29 547424 0+
K*(892)°  895.8140.19 474406 17
K*(1410)° 1414+£15 232+21 1~
K;(1430)° 1425450 270480  0*
K3(1430)°  1432.44+1.3 109+5 2+
K*(1680)° 1717427 3224110 1-
K;(1780)° 17767 150421 3
20000 F T T T g
owofry LHCD
w0 HHET E
14000 — *s - *
12000 - o .+ ++*+;:
10000 F- * o+ E
8000F- =
6000 |- =
4000F- =
e
c0s 6, -0

January 9, 2018

26 / 32



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.
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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 m,(25), spectrum.
@ The order of the Legendre polynomial expansion depends on the locally dominant K7t resonances

2 my, < 836 MeV/c?
Imax(Miz) =3¢ 3 836 MeV/c® < my, < 1000 MeV/c?
4 my, > 1000 MeV/c?.
(\E\ E T T T T T E
3 14000 3
= C ]
L0 12000 — —
8 F .
S 10000 3 )
T C ] @ Data points(black dots)
> 8000~ 7 @ MC prediction (blue solid line)
6000 [ @ Phase space MC (black dotted line)
o @ Phase space MC weighted to reproduce my, (red line)
4000
2000
S T EE B R

0 .
3800 4000 4200 4400 4600 4800

My, 29 IMEV/C]
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Z(4430) : model independent analysis

Slices of my

Toy Monte Carlo prediction in slices of my., .
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Z(4430) : model independent analysis

Hypothesis test
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Other multidimensional analysis at LHCb

The techniques used in the Z(4430)" have also been used in a number of other spectroscopy
analysis involving the research for new resonances. See Greig's talk after the coffee break:

@ Evidence for Exotic Hadron Contributions to AY — JAbpm~ Decays [Phys. Rev. Lett. 117, 082003].

@ Observation of JAp¢ structures consistent with exotic states from amplitude analysis of BY — ¢K™ decays [Phys.
Rev. Lett. 118, 022003 (2017)].

@ Amplitude analysis of BT — ¢K™ decays [Phys. Rev. D 95, 012002 (2017)].
@ Model-independent evidence for JAbp contributions to /\g — JApK™ decays [Phys. Rev. Lett. 117, 082002 (2016)].

@ Observation of JAp resonances consistent with pentaquark states in /\?, — JApK™ decays [ Phys. Rev. Lett. 115,
072001 (2015)].

@ X(3872) quantum numbers determination [Phys. Rev. Lett. 110, 222001 (2013)].

Evidence of X(3872) — (2S)~v [Nuclear Physics B 886 (2014) 665-680].

@ Quantum numbers of the X(3872) state and orbital angular momentum in its pOJ/w decays [Phys. Rev. D 92 (2015)
011102].

The concepts connected with resonances are relevant also in other areas: Dalitz plots and
CP-violation, New Physics searches etc.
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@ Resonance phenomena are very rich. The properties of a resonance are the properties of its
complex pole.

@ There are many standard parametrizations to describe the line-shape, but unitarity and
analyticity should be always kept.

@ It is incorrect to use a sum of Breit-Wigner functions: it may violate unitarity constraints.

@ Not only about peaks: resonances can create structures in angular distributions and other
observables.

@ Analysis of angular distributions and correlations is crucial to measure the resonance
quantum numbers.

Thank you!
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