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CP violation

Describes a violation of a combination charge conjugation and parity inversion,
which transforms a particle into its antiparticle

T/ velocity
Charge conjugation
swaps positive and =
negative charges
CHARGE "¢ d |

negative charge positive charge

Parity reversal swaps up
and down, left and right,

forwards and backwards PARITY

Violation is a fundamental difference between matter and anti-matter

Very well constrained in the Standard Model, so interesting to study

But the SM parameter Is not enough to describe the observed imbalance
of matter and anti-matter (by a factor of 107!)


http://antimatter-matters.org/

CP violation

In the Standard Model:

Arises from a single phase In the
Cabibbo-Kobayashi-Maskawa (CKM) matrix
that describes transitions between quark flavours

Vud Vus Vub
VCKM — Vcd Ves Vcb
th Vts th

Can compare different determinations of the SM parameter to constrain New Physics



CP violation in B decays

Three types: CPV in mixing, CPV in decay, and CPV in the interference
between mixing and decay

In decay - rate asymmetry: ‘Weak’ phase difference

changes sign
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‘Strong’ phase difference,

Invariant under CP



CP violation in decay

Weak phase arises from the CKM phase in the Standard Model

Strong phase difference can arise from:

Competing tree and penguin diagram contributions

Final state re-scattering effects
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Only available in multi-body decays!



CP violation in two-body decays

Most studies of CP violation are in two-body decays

These analyses are very advanced, time dependent, with very large data sizes:
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For three-body decays, the situation is less well established
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-006.html

Why model multi-body decays?
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Searches for new, exotic hadronic

resonances



https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-051.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-029.html

Why model multi-body decays?
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-033.html

Resonances
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Short lifetimes imply large widths, and for hadronic resonances,

decays via the strong force (unless OZI suppressed)

For an isolated resonance, the mass lineshape is described by the relativistic

Breit-Wigner function....



Relativistic Breit-Wigner

1
R(m) = .
For: ™) (mg —m?) —imgT
mo = (70 MeV
FO = 20 MeV
v
[R(m)|? arg [R(m)] Re[R(m)], Im[R(m)]
Intensity Phase Argand diagram
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Problems with this

Resonances near open decay channels see a drop in amplitude due to

conservation of unitarity - total probability to decay to all channels

must be conserved

Unitarity is also violated for nearby overlapping resonances of the same spin

| |
—  K-Matrix —  K-Matrix

— BWs — BWs
| 1.0}

Unitary
L—" Circle

Im T

0.5

) ! ! I 0.0 | | !
0.4 0.6 0.8 1.0 1.2 -1.0 -0.5 0.0 0.5 1.0

m [GeV/c?] Re T

‘Pole’ masses and widths of resonances near thresholds are also not well

replicated by Breit-Wigner lineshapes
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The double slit experiment

double-
slit

screen

electron

electron
beam gun

........... _ |“
P Interference

1nterference

pattern term

slits slits l
o ) = Yoo sl iy ) = 2 e » (o1 |2 = 302 410
J

“In telling you how it works we will have told you about

the basic peculiarities of all quantum mechanics.”
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The double slit experiment
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/p/LHCb-PAPER-2018-033.html

The Dalitz plot

For a three-body decay to scalars with known masses: B — abc

Only two independent degrees of freedom

Choose these to be any two-body invariant masses: the Dalitz plot

T R AT Named after Richard Dalitz, after his work

B on the ‘7 — 0 puzzle’
m3, (GeV</c™)
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Amplitude models

A good assumption Is that the resonance is produced far from the third
hadron - amplitude is a sum over intermediate two-body resonance decays

Phase-space
dependent part

/

/ m13,m23) = Z m13,m23
|A|2 is the observed \

.
data distribution

= Jejle™
Describes relative contribution
of resonance j (complex)
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Amplitude models

Each resonant component is the product of a few terms:

Mass lineshape
(e.g., relativistic Breit-Wigner)

|

9 9 oL
F(miz,my3) =T(mq3) - Z(p,q, L) - X(prw, L) - X(grew, L).

Angular momentum / \ I

conservation terms Form factors to account for the
finite size of the mesons
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Angular momentum factors

Angular momentum terms conserve angular momentum

Depend on the the relative angular momentum between the resonance R and
the third hadron (equivalent to the spin of R)

Depend on the (helicity) angle between /
these two in rest frameofR .. >

(Squared) Legendre polynomials in cos fpe

Spin 0

Spin 1 Z2

Spin 2

Spin 3

-1 0 1

17



Angular momentum factors

Proportional to the second invariant mass squared in the Dalitz plot,
mass lineshape separate resonances in mass, angular momentum terms

separate resonances in spin

Turns out to be two overlapping

| \ resonances of different spin!
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Phys.Rev.Lett.97:222001, 2006 Phys. Rev. Lett. 113, 162001 (2014)
BaBar - inclusive efe” - D°K*tX | LHCb - amplitude analysis of
no angular momentum information B —» D K=+ with angular

momentum Information
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https://arxiv.org/abs/1407.7574
https://arxiv.org/abs/1407.7574
https://arxiv.org/abs/hep-ex/0607082v3

Interference terms

Distribution in cos e is determined by the interferences (relative phases)

between resonances

With just two components:

AP = |11 (m?)Z,(0) + To(m?) Zy(0)|°

= Z[Re(Ty)® + Im(T1)?] + Z3[Re(Ty)* + Im(T3)]

Product of the two /j

angular momentum terms

Relative
phase

p=m

27,7,

[Re(T)Re(T3) + Im(Ty)Im(T3)],

Relative

mp+p-
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BT —watrtn™

Interesting a priori for QCD: the lightest
bound states decay to two pions

Scalars in particular are complicated to model:

Entire PDG review article dedicated to this: U 5
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-scalar-mesons.pdf
12 | 0" m—
Spectrum contains the very broad fo(500) (or o) meson (ec) 0| 2t — e
e.g. 3 R e
Lattice QCD puts the lightest ‘glueball’ somewhere here =y ° | e b
= +
_ A
Many resonance decay channels opening up (e.g., KK,nn )
4| 0++—
Everything is close to production threshold 2 |
Y.Chen et al.,Phys. Rev. D73,014516 (2006)

0

R

-+

+-

» Almost all assumptions used when modelling hadrons are violated!

20

Mg (GeV)


https://inspirehep.net/record/695057
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-scalar-mesons.pdf

BT —watrtn™

Only expect resonances in the 777~ spectrum

_|_

Amplitude invariant under exchange of same-sign @ - mirror symmetry

about mi3 = mas in the Dalitz plot (not a unique choice)
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The LHCb experiment

Photon
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BT —watrtn™

Previous analysis - calculate CP asymmetry in bins of the Dalitz plot:
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resonance CP asymmetry ), eV
ow

(would be axis aligned)

Downside of this: Have to guess at what physics is generating these!
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https://arxiv.org/abs/1408.5373

BT s ntat— LHCb-PAPER-2019-017,018

New analysis (3 fb-7 of Run 1 LHCb data):

Construct an explicit amplitude model for the decay
Three approaches, that differ in the S-wave (spin-0) description:

‘K-matrix’:
Single unitarity conserving model, with parameters
from scattering data

ﬁlso bar’: )

Individual hand-engineered components for each

contribution, does not conserve unitarity

J

‘Quasi-model-independent’:
Fit for a magnitude and phase in bins of the phase-space

04



The ‘K-matrix' S-wave model

Phase space Production vector
Sum over - \ /
A1 A
Fu = I —iK - P
resonance poles “ ;[ Tp]“'“ v
https://arxiv.org/abs/hep-ph/0204328

Rescattering matrix

Describes initial B ‘production’ state, and propagation into all final states:

: )
Ku(s) =D 5~ 0. 4+ focatt my =55 Fa0(s) Parameters from
N Sima—s U s—sp scattering data (fixed)
- _J
N 2 rod
Z ﬁ"‘g fprod 110 — So Parameters from
5 — gorod extracted from fit


https://arxiv.org/abs/hep-ph/0204328

The ‘K-matrix' S-wave model

Parameters from
scattering data (fixed)

«@mi) ) Channels

Describes entire S-wave

Couplings

In a single model

Poles
) -
o C my g P[rn] gV KK]  gan] gl )
1 0.65100  0.22889 —0.55377 0.00000 —0.39899 —0.34639
2 1.20360  0.94128 0.55095 0.00000 0.39065 0.31503
3 1.55817  0.36856 0.23888 0.55639 0.18340 0.18681
4 1.21000  0.33650 0.40907 0.85679 0.19906 —0.00984
5) 1.82206  0.18171 —0.17558 —0.79658 —0.00355 0.22358
scatt scatt scatt scatt scatt scatt
S0 11 12 13 14 15
—-3.92637 0.23399 0.15044 —0.20545 0.32825 0.35412
prod 2
S0 myg SA S A0
—-3.0 1.0 1.0 —0.15
1.0} .
0.8+ fO (980) .
~ 06}
S
0.4} fo(500)
0.2+
0'%.2 Oi4 0f6 018




The ‘Isobar’ S-wave model
Asource(m) = [L 4 (m/A2 )] 1L+ (m/ A% )]

Ascatt (m) — Asource m) f rescatt (m) .

N

frescatt (m) — \/1 — n(m)262i5(m)

Phase Inelasticity
(s = MJ)(M7 = s) |k ks K2\ M2 —s
coto = ¢o M2s1/? k2 n=1- (Elsﬁ i 62?) s
by — /8 — 4m?2
2 Y

Parameters from nm — 7w and mm — KK scattering data



The ‘OMI" S-wave model

17 bins - 14 below the charm veto, 3 above
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Fit an independent magnitude and phase in each bin



BT —watrtn™

Invariant mass fitof #7771~

Some phase-space

integrated asymmetry
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include in the model
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Signal yield of around
20,000 candidates



Model construction

Start with components identified by the BaBar analysis of this mode, that used
20x fewer decays Phys. Rev. D72 (2005) 052002

Include additional components based on a likelihood ratio test, with a threshold
of 10 units of negative log-likelihood for inclusion

More accurate model for

S-wave (See previous slide) p(770)° width
p(770)" Gounaris-Sakurai model
w(782) Relativistic Breit-Wigner
f2(1270) Relativistic Breit-Wigner
p(1450)° Relativistic Breit-Wigner
p3(1690)" Relativistic Breit-Wigner

30


https://arxiv.org/abs/hep-ex/0507025
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w(782) is forbidden to decay to # "7~ due to

However, it can mix with the p(770)°, causing a

drop in the p(770)° amplitude above the mass

L
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https://arxiv.org/abs/1710.11448

p(770)°

Very little asymmetry in this region
as a function of mass:

» Acp(p(770)%) = 0

Also very little asymmetry as a
function of helicity angle...

..50 where Is the CP violation?
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p(770)°

Below and above the p(770)° mass:

Asymmetry / [0.05]

Pull

Below Above
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Almost perfect cancellation!
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p(770)°
But why?

This region 1s dominated by slowly varying spin 0, and the
rapidly varying spin-1 p(770)"

Interference term between these is ~ cos One1, when projecting

on mass (integrating over cosfyel) this term vanishes!
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strong phase of the resonance,

varies as a function of mass,
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o
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BT —watrtn™

38

g
o
o

w
Ul
o

Candidates / [0.020 GeV/c?]

Pull

450

-—-— |Isobar —— Bt > K*xTx~ (x10)
K-Matrix Combinatorial

QM _|_ _I:_|:—|— Data
b +35¢_ LHCb

+ 1= -
B _]_:Ei_q—_i:;F ++L_
+h
T e
1.0 1.7 12 13 1.4 15 1.6



=% Components LHCD
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Total 'K-Matrix'
p(770)° — w(782) S-wave
p(1450)° + Data

Plausible that observed resonance
properties depend on the production
environment - most from the PDG
measurements were not B decays
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f2(1270)

/ Fit quality 1s not too good In this region,

looks like f2(1270) mass is ‘shifted’

With a free mass parameter, this ends
up being around 1255 + 4 MeV, with the
PDG average being 1275.5 + 0.8 MeV
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f2(1270)

Also plausible that this is due to the
interference with an additional
spin-2 state

Interferences with other spin states
cancel when integrating over helicity

This additional resonance
can change the ‘observed’ peak
position...

..but as long as we include i1t in the

model, we always get the right mass
value!

cOoS Oy

Peak position
depends on

relative phase

—

With an
additional f2
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Dominant resonance
(additional broad state not visible)
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f2(1270)

_0.1 1 1
-0.1 0.0 041

Very large asymmetry in this region,

[0.020 GeV/c?]

associated with the f2(1270) component,

an Acp of around 40% in all models

Robust to systematic effects

Asymmetry
o
I\)

One of the largest CP asymmetries ever observed!
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p3(1690)

Interesting distribution in the helicity angle around 1700 MeV

| Four lobe structure characteristic
LHCb

* 15<me, <19 GeV/e? |~ of a spin-3 resonance
NI e
1 + ! JrJr

it +
L

—_
o
o

Candidates / [0.080]

201 A

05 0.0 05 1.0
cOS O]

-1.(
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Unfortunately not quite 5o, lots of

background in this region
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S-wave model projections - comparisons
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S-wave model projections
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Correspondence with B+ - Ktrt K-

Possible for strong phase generation via final-state re-scattering: n*7~ < KTK~

This would imply that there Is a relation between the scalar components of the
BT - KtgxtK— and BT — x#txTn~ decays

Large CP asymmetry observed in the re-scattering (~1.0 - ~1.5 GeV) range in
BT — KtnTK~ ofaround 66%, but lessin Bt — a#taTn™
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To gain more information on this phenomenon would required a
coupled channel analysis of both decay modes

45


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-051.html

Numerical results

Fit-fractions - the rate if only this component contributed

Component Isobar K-matrix QMI
p(770)° 55.5 +£0.6 +0.7 £25 56.5 0.7 +£1.5 +£3.1 548 +£1.0 £1.9 £1.0
w(782) 0.50 £0.03+£0.03+0.04 0.47+0.04+0.01+£0.03 0.57+0.10+0.12+0.12
f2(1270) 90 £03 £08 £14 93 £04 £06 £24 96 £04 £0.7 £3.9
p(1450)° 52 +£0.3 £04 +£19 105 £0.7 £0.8 £4.5 74 £05 £39 £1.1
p3(1690)° 05 £0.1 £0.1 £04 1.5 £0.1 £0.1 £04 1.0 £0.1 £0.5 +0.1
S-wave 254 +£0.5 +£0.7 £3.6 257 £0.6 =26 +14 26.8 £0.7 £2.0 £1.0

Quasi-two-body CP asymmetries -

Component Isobar K-matrix QMI
p(770)° +0.7+ 11+ 124+ 15 +42+ 15+ 26+ 58 +44+ 1.7+ 23+ 1.6
w(782) —484+ 65+ 66+ 35 —62+ 84+ 56+ 81 —-79+£165+14.2+ 7.0
f2(1270) +46.8+ 6.1+ 3.6+ 44 +428+ 41+ 2.1+ 89 +376+ 44+ 6.0+ 5.2
p(1450)° —1294+ 33+ 70£357 +9.0+ 6.0+£108+45.7 —155+ 7.3+14.3+32.2
p3(1690)° —80.1+£1144+135+24.1 -35.7+108+ 85+359 —-93.2+ 68+ 8.0+ 38.1
S-wave +144+ 184+ 21+ 19 +158+ 26+ 2.1+ 69 +15.0+ 2.7+ 424+ 7.0
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summary

Multi-body decays are the place to study CP violation
Access to overlapping resonances enhances CP violation, but also

permits measurements of the relative phases

Observations of large CP violation, and the first observation of CP violation

In the interference between resonances

Provides information on how CP violation manifests in practice - useful
for understanding the (essential) QCD components, and informs future

studies (e.g,, in charm and baryon decays)

Future studies will investigate the interplay between the BT — = #"x~ and
the BY — K*#T" K~ decay with Run 2 data
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f2 width

s 6)
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Figure 99: Comparison of the mass-dependence of the (a) f2(1270) total width (blue) with
its 77w~ partial width (red), and its effects on (b), the Breit-Wigner amplitude-squared

and (c) the Breit-Wigner phase



Backgrounds and efficiencies
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