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Introduzione

L’antimateria non è un semplice “ negativo ” della materia, ma si
comporta in modo leggermente diverso...

Le leggi della fisica non sono invarianti per simmetria CP, ossia
riflessioni (parità P) in cui le particelle sono sostituite dai propri
anti-partner (coniugazione di carica C).

La violazione di CP (CPV), osservata nei mesoni strani e beauty, ad
oggi è descritta con successo nel modello standard (MS) dal
meccanismo CKM

Troppo modesta per giustificare l’asimmetria materia-antimateria
osservata nell’universo (bariogenesi)

Ulteriori differenze nel comportamento di materia e antimateria
potrebbero provenire da fisica oltre il modello standard
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Introduzione

Numerose ricerche di CPV eseguite nei decadimenti di mesoni
Tuttavia, la materia visibile del nostro universo è costituita quasi
interamente da barioni, nelle cui transizioni manca ancora
un’osservazione di CPV
Pochi studi di CPV fatti sinora in decadimenti di barioni
Questa presentazione si focalizzerà sulle ricerche di CPV nei barioni
beauty effettuati dalla collaborazione LHCb
Significativa produzione di barioni beauty a LHCb

σ(pp → bb̄X , 7TeV, 2 < η < 5) ≈ 72µb f (b → Λ0
b) ∼ 13%

Analisi basate sui dati registrati durante la prima presa dati di LHC
(2011-12, 3 fb−1 a

√
s = 7/8TeV)

POSTER: Proposta di ricerca di CPV tramite misura di momento di
dipolo elettrico di barioni charm e strani ad LHC
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Asimmetria diretta di CP

CPV cercata confrontando un dato processo (e.g. Λ0
b → pK−µ+µ−)

col suo CP-trasformato (e.g. Λ0
b → pK +µ−µ+, CP(~p′i ) = −~pi )

Asimmetria diretta: si confronta il numero di decadimenti fra i due
processi CP-coniugati

Sensibile sia a CPV che a componenti sperimentali

Araw ≡
N(Λ0

b)− N(Λ0
b)

N(Λ0
b) + N(Λ0

b)
= ACP +Aprod(Λ0

b) +Adet(K−) +Adet(p)

Sostanzialmente eliminate sfruttando una transizione di controllo (e.g.
Λ0

b → pK−J/ψ ) con CPV trascurabile

∆ACP ≡ ACP(Λ0
b → pK−µ+µ−)−ACP(Λ0

b → pK−J/ψ )

= Araw(Λ0
b → pK−µ+µ−)−Araw(Λ0

b → pK−J/ψ )
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Asimmetrie di prodotti tripli

Si considerano asimmetrie rispetto prodotti tripli

CT̂ ≡ ~pµ+ · (~pp × ~pK−)

CT̂ ≡ ~pµ− · (~pp̄ × ~pK +)

CT̂ ∼ sinφ

AT̂ ≡
NΛ0

b
(CT̂ > 0)− NΛ0

b
(CT̂ < 0)

NΛ0
b
(CT̂ > 0) + NΛ0

b
(CT̂ < 0)

AT̂ ≡
NΛ0

b
(−CT̂ > 0)− NΛ0

b
(−CT̂ < 0)

NΛ0
b
(−CT̂ > 0) + NΛ0

b
(−CT̂ < 0)

T̂ (~p) = −~p
T̂ (~s) = −~s
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Asimmetrie di prodotti tripli

La differenza fra AT̂ e AT̂ è un’osservabile di CPV

aT̂ -odd
CP ≡ 1

2

(
AT̂ − AT̂

)
Sostanzialmente indipendente da asimmetrie di produzione e
rivelazione, non necessita di transizioni di controllo

Le osservabili ACP e aT̂ -odd
CP sono sensibili a distinte sorgenti di CPV,

dipendendo diversamente dall’interferenza delle ampiezze di
decadimento
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CPV in Λ0
b → pπ−π+π−(K +K−)

Transizioni mediate da ampiezze ad albero b → u ed a loop b → d

Sensibili a CPV da MS, prodotta dall’interferenza di ampiezze con
diverse componenti di CPV (fasi deboli)

Misurata aT̂ -odd
CP integrata su tutti gli eventi e in intervalli dello spazio

fasi di Λ0
b → pπ−π+π−

The asymmetry between matter and antimatter is related to the violation of the1

CP symmetry (CPV), where C and P are the charge-conjugation and parity operators.2

CP violation is accommodated in the Standard Model (SM) of particle physics by the3

Cabibbo-Kobayashi-Maskawa (CKM) mechanism that describes the transitions between4

up- and down-type quarks [1, 2], in which quark decays proceed by the emission of a5

virtual W boson and where the phases of the couplings change sign between quarks6

and antiquarks. However, the amount of CPV predicted by the CKM mechanism is not7

su�cient to explain our matter-dominated Universe [3, 4] and other sources of CPV are8

expected to exist. The initial discovery of CPV was in neutral K meson decays [5], and9

more recently it has been observed in B0 [6, 7], B+ [8–11], and B0
s [12] meson decays,10

but it has never been observed in the decays of any baryon. Decays of the ⇤0
b (bud)11

baryon to final states consisting of hadrons with no charm quarks are predicted to have12

non-negligible CP asymmetries in the SM, as large as 20% for certain three-body decay13

modes [13]. It is important to measure the size and nature of these CP asymmetries,14

to determine whether they are consistent with the CKM mechanism or, if not, what15

extensions to the SM would be required to explain them [14–16].16

The decay processes studied in this article, ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�,17

are mediated by the weak interaction and governed mainly by two amplitudes of similar18

magnitude from di↵erent diagrams describing quark-level b ! uud transitions, as shown19

in Fig. 1. Throughout this paper the inclusion of charge-conjugate reactions is implied,20

unless otherwise indicated. CPV could arise from the interference of two amplitudes with21

relative phases that di↵er between particle and antiparticle decays, leading to di↵erences22

in the ⇤0
b and ⇤0

b decay rates. The main source of this e↵ect in the SM would be the23

large phases of the CKM matrix elements Vub and Vtd, which are present in the di↵erent24

diagrams depicted in Fig. 1. Parity violation (PV) is also expected in weak interactions,25

but has never been observed in ⇤0
b decays.26

To search for CP -violating e↵ects one needs to measure CP -odd observables, which27
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Figure 1: Dominant Feynman diagrams for ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�

transitions. The two diagrams show the transitions that contribute most strongly to ⇤0
b !

p⇡�⇡+⇡� and ⇤0
b ! p⇡�K+K� decays. In both cases, a pair of ⇡+⇡� (K+K�) is produced by

gluon emission from the light quarks (u,d). The di↵erence is in the b quark decay that happens
on the left through a virtual W� boson emission (“tree diagram”) and on the right as a virtual
W� boson emission and absorption together with a gluon emission (“loop diagram”). The
magnitudes of the two amplitudes are comparable, and each is proportional to the product of
the CKM matrix elements involved, which are shown in the figure.
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CPV in Λ0
b → pπ−π+π−(K +K−)

Prima osservazione di questi decadimenti
→ 6646± 105 eventi Λ0

b → pπ−π+π−

→ 1030± 56 eventi Λ0
b → pπ−K +K−
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CPV integrata su tutti gli eventi:

aT̂ -odd
CP (Λ0

b → pπ−π+π−) = [+1.15± 1.45 (stat)± 0.32 (syst)]× 10−2

aT̂ -odd
CP (Λ0

b → pπ−K +K−) = [−0.93± 4.54 (stat)± 0.42 (syst)]× 10−2
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CPV in Λ0
b → pπ−π+π−(K +K−)

CPV in Λ0
b → pπ−π+π− misurata in intervalli di spazio fasi con due

partizioni indipendenti (12 e 10 intervalli)
Evidenza di CPV combinata pari a 3.3 deviazioni standard
Prima evidenza di CPV nei barioni!
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LHCb collaboration, Probing matter-antimatter asymmetries in beauty baryon decays, Nature Physics
13 (2017) 391-396, arXiv:1609.05216
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CPV in Λ0
b → pK−µ+µ−

Transizione di corrente neutra con cambio di sapore b → s

Soppressa nel MS, molto sensibile a nuova fisica perché nuove
particelle potrebbero partecipare nei diagrammi a loop

CPV prevista dal meccanismo CKM limitata: ampiezze di CPV
soppresse rispetto quelle che conservano CP

Prima osservazione con 600± 44 eventi
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CPV in Λ0
b → pK−µ+µ−

Misurate ∆ACP rispetto Λ0
b → pK−J/ψ e aT̂ -odd

CP

∆ACP = [−3.5± 5.0 (stat)± 0.2 (syst)]× 10−2

aTodd
CP = [+1.2± 5.0 (stat)± 0.7 (syst)]× 10−2
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LHCb collaboration, Observation of the decay Λ0
b → pK−µ+µ− and a search for CP violation,

submitted to JHEP, arXiv:1703.00256
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CPV in Λ0
b → Λφ

Transizione b → s proibita a livello albero nel MS

CPV soppressa nel MS, sensibile a CPV da nuova fisica

Prima osservazione con significatività di 5.9σ

Misurate asimmetrie analoghe a quelle di prodotti tripli

1 Introduction29

In the Standard Model (SM), the flavour-changing neutral current (FCNC) decay ⇤b! ⇤�30

proceeds via a b ! ßs penguin process. A Feynman diagram of the gluonic penguin31

process that contributes to this decay is given in Figure 1. This is therefore the same32

as the B0
s ! �� decay, which is a golden mode for the LHCb upgrade. New particles33

entering the penguin loop could induce non-SM CP violation. In the B0
s ! �� decay, this34

is tested through the measurement of CP violation in the interference between mixing35

and decay, characterised through the CP -violating phase, �sss
s . An LHCb measurement36

of the phase has provided a value of �sss
s = �0.17 ± 0.15(stat) ± 0.03(syst) rad [1]. The37

SM can also be tested with triple product asymmetries, which also provide a measure of38

CP violation [2]. For the case of the B0
s ! �� decay, which is a pseudo-scalar to vector39

vector transition, the triple product asymmetries exploit the helicity angles of the decay40

to isolate the interference terms between the CP -even and CP -odd polarisations. The two41

CP -even polarisations therefore allow for two triple product asymmetries, denoted by AU42

and AV . An LHCb measurement of these triple product asymmetries has provided values43

of AU = 0.003 ± 0.017(stat) ± 0.006(syst) and AV = 0.017 ± 0.017(stat) ± 0.006(syst) [1],44

that are currently limited by statistical uncertainties.

ud

⇤b

b

⇤

s

�

u, c, t

s

W� s

ud

Figure 1: Gluonic penguin Feynman diagram contributing to the ⇤b ! ⇤� decay.

45

The decays of ⇤b baryons are largely unexplored compared to those of B mesons. While46

mixing phenomenology is not present in ⇤b decays, a wealth of observables is present that47

allow for tests of SM predictions. These consist of branching fraction and polarisation48

measurements, in addition to triple product asymmetries.49

A large polarisation has been measured for ⇤b barons produced in e+e� colliders [3, 4,50

5], in line with theoretical predictions. Corresponding predictions of the polarisation of51

⇤b baryons at hadron colliders anticipate values between 10-20 % [6, 7], though this can52

be diluted due to the small Feynman variable, xF = 2pL/
p

s, where pL is the longitudinal53

2
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CPV in Λ0
b → Λφ

n̂

n̂

�1 �2 ✓�✓⇤ ✓

p p

⇤b

�⇤ K+

K�

p

⇡�

Figure 3: Decay angles for the ⇤b! ⇤� decay, where the angles are defined in the text.

Note that the basis {~eX ,~eY ,~eZ} defines the ⇤b rest frame, in which ~eZ is parallel to ~e3,120

and ~n⇤(V ) is the normal vector to the ⇤(V ) decay plane 1 , defined through121

~n⇤ =
~pp ⇥ ~p⇡
|~pp ⇥ ~p⇡|

, (9)

~n� =
~pK+ ⇥ ~pK�

|~pK+ ⇥ ~pK� | . (10)

Asymmetries in cos�ni
and sin�ni

, where i 2 {⇤,�}, are defined as122

Ac
i =

N(cos�ni
> 0) � N(cos�ni

< 0)

N(cos�ni
> 0) + N(cos�ni

< 0)
, (11)

As
i =

N(sin�ni
> 0) � N(sin�ni

< 0)

N(sin�ni
> 0) + N(sin�ni

< 0)
. (12)

While Leitner and Ajaltouni provide no predictions for ⇤b ! ⇤�, predictions for ⇤b !123

⇤J/ and ⇤b ! ⇤⇢ are determined to be124

Ac
⇤(⇤b ! ⇤J/ ) = 4.3 %, (13)

As
⇤(⇤b ! ⇤J/ ) = �5.5 %, (14)

Ac
⇤(⇤b ! ⇤⇢) = 2.4 %, (15)

As
⇤(⇤b ! ⇤⇢) = �2.7 %. (16)

It should be noted that A
c(s)
� are found to be zero.125

1Note that ~eX,Y,Z are basis vectors in the ⇤b rest frame, whereas ~e1,2,3 denote basis vectors in the
laboratory frame.

6

Definite asimmetrie Ac,s
Λ,φ rispetto agli angoli cosφ1,2, sinφ1,2

Ac
Λ = −0.22± 0.12 (stat)± 0.06 (syst)

As
Λ = +0.13± 0.12 (stat)± 0.05 (syst)

Ac
φ = −0.01± 0.12 (stat)± 0.03 (syst)

As
φ = −0.07± 0.12 (stat)± 0.01 (syst)

LHCb collaboration, Observation of the Λ0
b → Λφ decay, Physics Letters B 759 (2016) 282-292,

arXiv:1603.00413
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CPV in Λ0
b → ΛK +π−(K−)

Transizioni mediate da ampiezze ad albero b → u ed a loop b → d

Sensibili a CPV da MS prodotta dall’interferenza di ampiezze

Prima osservazione di questi decadimenti

→ 97± 14 eventi Λ0
b → ΛK +π−

→ 185± 15 eventi Λ0
b → ΛK +K−

Misurata ∆ACP rispetto al decadimento Λ0
b → Λ+

c (Λπ+)π−

ACP(Λ0
b → ΛK +π−) = −0.53± 0.23 (stat)± 0.11 (syst)

ACP(Λ0
b → ΛK +K−) = −0.28± 0.10 (stat)± 0.07 (syst)

Compatibili con simmetria CP entro 3σ

LHCb collaboration, Observations of Λ0
b → ΛK +π− and Λ0

b → ΛK +K− decays and searches for
other Λ0

b and Ξb decays to Λh+h− final states, JHEP 05 (2016) 81, arXiv:1603.00413

Daniele Marangotto (INFN-Milano) CPV in barioni beauty IFAE 2017 - 21/04/2017 14 / 20



Ricerche precedenti

CPV in Λ0
b → pπJ/ψ: misurata ∆ACP rispetto Λ0

b → pK−J/ψ su
2102± 61 eventi

∆ACP = [+5.7± 2.3 (stat)± 1.2 (syst)]× 10−2

- Compatibile con simmetria CP a 2.2σ. Nessuna asimmetria
significativa osservata nello spazio fasi

CPV in Λ0
b → K 0

s pπ−: misurata ∆ACP rispetto Λ0
b → Λ+

c (→ pK 0
s )π−

su 106± 25 eventi

ACP = +0.22± 0.13 (stat)± 0.03 (syst)

LHCb collaboration, Observation of the Λ0
b → pπJ/ψ decay, JHEP 07 (2014) 103, arXiv:1406.0755

LHCb collaboration, Searches for Λ0
b and Ξb decays to K 0

s pπ− and K 0
s pK− final states with first

observation of the Λ0
b → K 0

s pπ− decay, JHEP 04 (2014) 087, arXiv:1402.0770
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Prospettive

Prima presa dati: ottenuta evidenza di CPV a 3.3σ in
Λ0

b → pπ−π+π−, altri risultati compatibili con simmetria CP

Seconda presa dati di LHC in corso, registrati 2 fb−1 a
√

s = 13TeV,
attesi 8 fb−1 entro fine 2018.

Sezione d’urto beauty raddoppiata a
√

s = 13TeV rispetto a 7TeV

→ Eventi beauty previsti ×6.7 a fine 2018 rispetto prima presa dati

→ Incertezze statistiche ÷2.6 e nuovi decadimenti analizzabili

L’osservazione di CPV nei barioni potrebbe essere a portata di
mano...

E nel caso, il solito dilemma: nuova fisica o il buon vecchio modello
standard?
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La violazione di CP nei barioni è un territorio ancora
da esplorare...
Nuova fisica attende nuovi Ulisse pronti a salpare!

[...] Oggi il mio regno
è quella terra di nessuno. Il porto
accende ad altri i suoi lumi; me al largo
sospinge ancora il non domato spirito,
e della vita il doloroso amore.

da Ulisse di Umberto Saba
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Diapositive extra
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Esperimento LHCb

Progettato per studiare particelle beauty e charm in collisioni pp
Punti di forza: ricostruzione vertici decadimento, tracciatura e
identificazione particelle
Significativa produzione di barioni beauty f (b → Λ0

b) ∼ 13%
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Osservabili di CPV

Le osservabili ACP e aT̂ -odd
CP sono sensibili a distinte sorgenti di CPV,

dipendendo diversamente dall’interferenza delle ampiezze di
decadimento

Originano rispettivamente dall’interferenza di ampiezze T̂ -even↔
T̂ -even e T̂ -even↔ T̂ -odd (hep-ph/1508.03054)

T̂ operatore di inversione di moto, agente come

T̂ (~p) = −~p T̂ (~s) = −~s

ma senza invertire stati iniziale e finale, a differenza di T

Dipendono rispettivamente da differenze di fasi forti CP-pari δ1
e − δ2

e ,
δ1

e − δ1
o e differenze di fasi deboli CP-dispari φ1

e − φ2
e, φ1

e − φ1
o come

ACP ∝ sin(δ1
e − δ2

e)sin(φ1
e − φ2

e) aT̂ -odd
CP ∝ cos(δ1

e − δ1
o)sin(φ1

e − φ1
o)
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