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• Symmetries determine the mathematical structure of physical laws.
• Continuous symmetries can be changed by an arbitrary continuous 

amount, and lead to conservation laws (Noether's theorem):
o time translations → energy conservation
o spatial translations → momentum conservation
o rotations → angular momentum conservation

• Discrete symmetries involve 
only a finite set of transformations
—there is no "intermediate" 
transformation.
They may constrain the 
form of physical interactions 
and determine whether certain 
processes are allowed or forbidden. 
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Symmetries: a guiding principle of fundamental physics

invariant not invariant

continuous
symmetry

discrete
symmetry
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The fundamental discrete symmetries

Transformation under parity (P)
- spatial directions are all inverted: 
    (x,y,z à -x,-y,-z)

Transformation under time reversal (T)
- direction of time (motion) is inverted:
    (t à -t) 

Transformation under charge conjugation (C)
- all particles are transformed in anti-particles and  
  viceversa:
   (q, S à -q, -S)  



A. Di Domenico 6th Jagiellonian Symposium on Advances in Particle Physics and Medicine, Krakow, Poland, 6-10 July 2026

Discrete symmetry tests are precision probes of fundamental physics
• They reveal the structure of the weak interaction.
• They test the foundations of quantum field theory (QFT).
• Tiny symmetry violations may signal physics beyond the Standard Model.
• They can answer fundamental questions about our Universe

Historical milestones
• 1957: P violation discovered (Wu experiment).
• 1964: CP violation in mixing discovered in neutral kaons.
• 2012: T violation discovered in neutral B mesons
• Present: increasingly precise searches for CP, T and CPT violation.
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Why Test Discrete Symmetries?
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CP symmetry
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Where did the antimatter go?

Chris Marshall - Rochester colloquium28

Is CP respected by neutrino 
oscillations?

● Charge-parity symmetry means 
that physics is invariant for a 
particle and the mirror image of its 
antiparticle

● CP violation is an ingredient of 
explaining the matter asymmetry

● Very very tiny CP violation is 
observed in quarks, but it is too 
small to explain the imbalance

e-

e+

CP symmetry connects 
matter and antimatter
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Where did the antimatter go?

Chris Marshall - Rochester colloquium27

Where did the antimatter go?

matter and antimatter in equal 
amounts after big bang

no large-scale structures 
made of antimatter

Chris Marshall - Rochester colloquium28

Is CP respected by neutrino 
oscillations?

● Charge-parity symmetry means 
that physics is invariant for a 
particle and the mirror image of its 
antiparticle
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explaining the matter asymmetry
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observed in quarks, but it is too 
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Where did the antimatter go?

Chris Marshall - Rochester colloquium27

Where did the antimatter go?

matter and antimatter in equal 
amounts after big bang

no large-scale structures 
made of antimatter

Chris Marshall - Rochester colloquium28

Is CP respected by neutrino 
oscillations?

● Charge-parity symmetry means 
that physics is invariant for a 
particle and the mirror image of its 
antiparticle

● CP violation is an ingredient of 
explaining the matter asymmetry

● Very very tiny CP violation is 
observed in quarks, but it is too 
small to explain the imbalance

e-

e+

CP symmetry connects 
matter and antimatter

CP violation is a key 
ingredient to explain the 
absence of anti-matter in 
the Universe
(A. Sakharov, 1967)
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H is the effective hamiltonian (non-hermitian), decomposed into a Hermitian 
part (mass matrix M) and an anti-Hermitian part (i/2 decay matrix G) :

Diagonalizing the effective Hamiltonian:
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K0 and K0 can decay to common final 
states due to weak interactions:
strangeness oscillations

The neutral kaon two-level oscillating system in a nutshell
2p

3p
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1956 K. Lande, L. Lederman

Assuming CP invariance:

1.3 Fisica del mesone K neutro 6

Le combinazioni lineari di K0 e K0 risultano essere autostati di CP:

|K1 >= 1
Ô

2
(|K0 > ≠|K0 >) a cui associamo simmetria di CP pari: CP = +1

|K2 >= 1
Ô

2
(|K0 > +|K0 >) a cui associamo simmetria di CP dispari: CP = ≠1

Inoltre, è evidente che K1 non corrisponde all’antiparticella di K2, permettendo
ai due stati di avere masse e vite medie diverse.

C|K1 >= 1
Ô

2
(C|K0 > ≠C|K0 >) = 1

Ô
2

(|K0 > ≠|K0 >) ”= |K2 >

Dagli esperimenti svolti nel 1956 presso i laboratori di Brookhaven, si osservò
che il fascio di kaoni neutri non presentava un unico tempo di vita media, ma due
tempi distinti. Il fascio studiato in laboratorio non era, infatti, uno stato puro di
stranezza, ma andava inteso come un miscuglio quantistico (una sovrapposizione
lineare) di K0 e K̄0. Questa sovrapposizione di particella e antiparticella fa sì che il
sistema non decada secondo un’unica modalità, ma attraverso componenti diverse
dotate di vite medie di�erenti (approfondite in seguito).

L’esito sperimentale sembrava quindi inizialmente in accordo con l’ipotesi delle
due particelle distinte, ◊0 e ·0 (entrambe riferibili allo stesso kaone neutro), che si
riteneva decadessero debolmente attraverso canali di�erenti.

Considerando ldec, la distanza di decadimento delle particelle nel sistema di
riferimento del laboratorio, percorsa in un tempo tlab, la vita media del kaone neutro
·K0 , nel suo sistema di riferimento a riposo, corrisponde alla media del tempo proprio
tproprio, ricavabile attraverso la velocità v del kaone neutro studiato.

ldec = vtlab = —c“tproprio = v(1 ≠
v2

c2 )≠ 1
2 tproprio æ ·K0 =< tprorio >

Dai dati sperimentali si può ricostruire il grafico mostrato in figura 1.1:

Figura 1.1. Distribuzione del numero di decadimenti in funzione del tempo proprio
tproprio = ldec

—c“ per i mesoni K0 o K0. [1]

Da questo risultato si giunse alla conclusione che gli stati K0 e K0 sono in realtà
una sovrapposizione lineare di due stati distinti con due tempi di vita diversi, indicati
come K1 e K2, oppure rispettivamente KS ("short", per via del suo tempo di vita

KS=K1àpp
tS ~ 0.9 x 10-10 s

KL=K2àppp
tL ~ 5.1 x 10-8 s
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2.2 La Configurazione Sperimentale
L’ipotesi della rigenerazione anomala giocò un ruolo cruciale nel dibattito scien-

tifico sulla conservazione della simmetria CP. Se valida, tale teoria avrebbe potuto
giustificare la registrazione di decadimenti KL æ fi+fi≠ negli esperimenti precedenti
(anche al di sotto del limite dello 0, 3%) senza implicare una violazione intrinseca
della simmetria. Secondo Adair, un campo di forza a lungo raggio avrebbe potuto
rigenerare continuamente una componente di K1 nel fascio di K2.

L’obiettivo di Cronin e Fitch fu quindi quello di progettare un apparato per
verificare questa ipotesi, studiando come il tasso di decadimento variasse in funzione
del mezzo attraversato. La loro strategia prevedeva l’uso di diversi materiali per
calibrare la rigenerazione ordinaria. Se l’ipotesi di Adair fosse stata corretta, passando
a un mezzo estremamente rarefatto come l’elio gassoso, il numero di K1 prodotti (e
quindi di decadimenti 2fi) sarebbe dovuto diminuire drasticamente fino a scomparire.
Al contrario, l’osservazione di un numero di decadimenti costante e non nullo,
indipendentemente dalla densità del materiale o dall’energia del fascio, avrebbe
dimostrato che la rottura della simmetria CP è una proprietà intrinseca del sistema
dei kaoni neutri.

Nella primavera del 1963, l’esperimento fu installato presso l’Alternating Gradient
Synchrotron (AGS) del Brookhaven National Laboratory. L’apparato sfruttava un
fascio neutro prodotto dall’AGS attraverso l’interazione di protoni da 30 GeV su un
bersaglio interno di berillio (figura 2.4). Il fascio era estratto ad un angolo di 30¶

rispetto alla direzione dei protoni incidenti: questa specifica angolazione fu scelta
per ottenere uno spettro di momento dei kaoni con un picco a 1.1 GeV/c, un valore
energetico ottimale per la geometria di rivelazione prevista, riducendo al contempo il
fondo di neutroni ad alta energia che decresce rapidamente all’aumentare dell’angolo
di emissione.[5]

Figura 2.4. Schema dell’apparato sperimentale interno all’AGS per la sessione di misura
sull’invarianza CP. [5]

J. H. Christenson et al. 207

invariant mass

In 1964 Christenson, Cronin, Fitch, Turlay discover KL->2p decays (branching ratio ~ 0.2%) in 
a KL beam (Brookhaven) => CP symmetry violation (pure experimental discovery, no theory 
prediction)

p+

p-

KL
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giustificare la registrazione di decadimenti KL æ fi+fi≠ negli esperimenti precedenti
(anche al di sotto del limite dello 0, 3%) senza implicare una violazione intrinseca
della simmetria. Secondo Adair, un campo di forza a lungo raggio avrebbe potuto
rigenerare continuamente una componente di K1 nel fascio di K2.

L’obiettivo di Cronin e Fitch fu quindi quello di progettare un apparato per
verificare questa ipotesi, studiando come il tasso di decadimento variasse in funzione
del mezzo attraversato. La loro strategia prevedeva l’uso di diversi materiali per
calibrare la rigenerazione ordinaria. Se l’ipotesi di Adair fosse stata corretta, passando
a un mezzo estremamente rarefatto come l’elio gassoso, il numero di K1 prodotti (e
quindi di decadimenti 2fi) sarebbe dovuto diminuire drasticamente fino a scomparire.
Al contrario, l’osservazione di un numero di decadimenti costante e non nullo,
indipendentemente dalla densità del materiale o dall’energia del fascio, avrebbe
dimostrato che la rottura della simmetria CP è una proprietà intrinseca del sistema
dei kaoni neutri.

Nella primavera del 1963, l’esperimento fu installato presso l’Alternating Gradient
Synchrotron (AGS) del Brookhaven National Laboratory. L’apparato sfruttava un
fascio neutro prodotto dall’AGS attraverso l’interazione di protoni da 30 GeV su un
bersaglio interno di berillio (figura 2.4). Il fascio era estratto ad un angolo di 30¶

rispetto alla direzione dei protoni incidenti: questa specifica angolazione fu scelta
per ottenere uno spettro di momento dei kaoni con un picco a 1.1 GeV/c, un valore
energetico ottimale per la geometria di rivelazione prevista, riducendo al contempo il
fondo di neutroni ad alta energia che decresce rapidamente all’aumentare dell’angolo
di emissione.[5]

Figura 2.4. Schema dell’apparato sperimentale interno all’AGS per la sessione di misura
sull’invarianza CP. [5]
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K0 and K0 can decay to common final 
states due to weak interactions:
strangeness oscillations
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Revised April 2024 by A. Pich (IFIC, Valencia) and M. Ramsey-
Musolf (Tsung-Dao Lee Inst.; SJTU; U. Massachusetts).

In keeping with the current interest in tests of conservation laws,
we collect together a Table of experimental limits on all weak and
electromagnetic decays, mass di�erences, and moments, and on a
few reactions, whose observation would violate conservation laws.
The Table is given only in the full Review of Particle Physics
(RPP), not in the Particle Physics Booklet, and organizes the data
in two main sections: “Discrete Space-Time Symmetries”, i.e., C,
P , T , CP and CP T ; and “Number Conservation Laws”, i.e., lep-
ton, baryon, flavor and charge conservation. The references for
these data can be found in the Particle Listings. The following
text discusses the best limits among those included in the Table
and gives a brief overview of the current status. For some topics,
a more extensive discussion of the framework for theoretical inter-
pretation is provided, particularly where the analogous discussion
does not appear elsewhere in the RPP. References to more exten-
sive review articles are also included where appropriate. Unless
otherwise specified, all limits quoted in this review are given at a
C.L. of 90%.

DISCRETE SPACE-TIME SYMMETRIES

Charge conjugation (C), parity (P ) and time reversal (T ) are
empirically exact symmetries of the electromagnetic (QED) and
strong (QCD) interactions, but they are violated by the weak
forces. Owing to the left-handed nature of the SU(2)L ¢ U(1)Y

electroweak theory, C and P are maximally violated in the
fermionic couplings of the W ± and (up to sin2 ◊W corrections)
the Z. However, their product CP is still an exact symmetry
when only one or two fermion families are considered. With three
generations of fermions, CP is violated through the single complex
phase present in the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix. An analogous CP -violating (CPV) phase appears
in the lepton sector when non-vanishing neutrino masses are taken
into account (plus two additional phases if neutrinos are Majorana
particles). The product of the three discrete symmetries, CP T ,
is an exact symmetry of any local and Lorentz-invariant quantum
field theory with a positive-definite hermitian Hamiltonian that
preserves micro-causality [1, 2]. Therefore, the breaking of CP
implies a corresponding violation of T .

Violations of charge-conjugation symmetry have never been ob-
served in electromagnetic and strong phenomena. The most strin-
gent limits are extracted from C-violating transitions of neutral
(self-conjugate) particles such as Br(fi0 æ 3“) < 3.1 ◊ 10≠8 [3]
and Br(J/Â æ 2“) < 2.7 ◊ 10≠7 [4]. P (and CP ) conservation
has been also precisely tested through forbidden decays such as
Br(÷ æ 4fi0) < 6.9 ◊ 10≠7 [5], but the best limits on P and T are
set by the non-observation of electric dipole moments (see section
2). Obviously, the interplay of the weak interaction puts a lower
bound in sensitivity for this type of tests, beyond which violations
of the corresponding conservation laws should be detected.

1 Violations of CP and T
The first evidence of CP non-invariance in particle physics was

the observation in 1964 of K0

L
æ fi+fi≠ decays [6]. For many

years afterwards, the non-zero ratio

|÷+≠| © |M(K0

L
æ fi+fi≠)/M(K0

S
æ fi+fi≠)|

= (2.232 ± 0.011) ◊ 10≠3
(1)

could be explained as a K0–K0 mixing e�ect, ÷+≠ = ‘ (su-
perweak CP violation), which would imply an identical ratio
÷00 © M(K0

L
æ fi0fi0)/M(K0

S
æ fi0fi0) in the neutral decay

mode and successfully predicts the observed CP V semileptonic
asymmetry (AL(e) ¥ 2 Re ‘)

AL(e) ©
≈ (K0

L
æ fi≠e+‹e) ≠ ≈ (K0

L
æ fi+e≠‹̄e)

≈ (K0

L
æ fi≠e+‹e) + ≈ (K0

L
æ fi+e≠‹̄e)

= (3.34 ± 0.07) ◊ 10≠3 .

(2)

A tiny di�erence between ÷+≠ and ÷00 was reported for the first
time in 1988 by the CERN NA31 collaboration [7], and later es-

tablished at the 7.2‡ level with the full data samples from the
NA31 [8], E731 [9], NA48 [10] and KTeV [11] experiments:

Re(‘Õ/‘) =
1
3

(1 ≠ |÷00/÷+≠|) = (1.66 ± 0.23) ◊ 10≠3 . (3)

This important measurement confirmed that CP violation is as-
sociated with a ∆S = 1 transition, as predicted by the CKM
mechanism. The Standard Model (SM) prediction, Re(‘Õ/‘) =
(1.4 ± 0.5) ◊ 10≠3 [12–14], is in good agreement with the mea-
sured ratio, although the theoretical uncertainty is unfortunately
large.

Much larger CP asymmetries have been later measured in B
meson decays, many of them involving the interference between
B0–B0 mixing and the decay amplitude. They provide many
successful tests of the CKM unitarity structure, validating the
SM mechanism of CP violation (see the review on CP violation in
the quark sector). Prominent signals of direct CP violation in the
decay amplitudes have been also clearly established in several B±,
B0

d
and B0

s decays, and, very recently, in charm decays [15,16]:

∆adir

CP
© adir

CP
(D0 æ K+K≠) ≠ adir

CP
(D0 æ fi+fi≠)

= (≠15.7 ± 2.9) ◊ 10≠4 . (4a)

adir

CP
(D0 æ fi+fi≠) = (23.2 ± 6.1) ◊ 10≠4 . (4b)

These direct CP asymmetries necessarily involve the presence of
a strong phase-shift di�erence between (at least) two interfering
amplitudes, which makes very challenging to perform reliable SM
predictions for heavy-flavored mesons.

Global fits to neutrino oscillation data provide some hints of
a non-zero mixing phase [17, 18]. Although the statistical signifi-
cance is not yet compelling, they suggest that CP -violation e�ects
in neutrino oscillations could be large (see the review on neutrino
masses, mixings and oscillations). The future DUNE and Hyper-
Kamiokande experiments are expected to confirm the presence of
CP violation in the lepton sector or constrain the phase in the
leptonic mixing matrix to be smaller than O(10¶).

While CP violation implies a breaking of time-reversal sym-
metry, direct tests of T violation are much more di�cult. The
CPLEAR experiment observed longtime ago a non-zero di�er-
ence between the oscillation probabilities of K0 æ K0 and
K0 æ K0 [19]. Initial neutral kaons with defined strangeness
were produced from proton-antiproton annihilations at rest, pp̄ æ
K≠fi+K0, K+fi≠K0, and tagged by the accompanying charged
kaon, while the strangeness of the final neutral kaon was identified
through its semileptonic decay: K0 æ e+fi≠‹e, K0 æ e≠fi+‹̄e.
The average asymmetry over the time interval from 1 to 20 K0

S

lifetimes was found to be di�erent from zero at 4‡ [19]:

R[K0 (t = 0) æ e+fi≠‹e (t)] ≠ R[K0 (t = 0) æ e≠fi+‹̄e (t)]
R[K0 (t = 0) æ e+fi≠‹e (t)] + R[K0 (t = 0) æ e≠fi+‹̄e (t)]

=

= (6.6 ± 1.3 ± 1.0) ◊ 10≠3 .
(5)

Since this asymmetry violates also CP , its interpretation as di-
rect evidence of T violation requires a detailed analysis of the
underlying K0–K0 mixing process [20–22].

More recently, the exchange of initial and final states has been
made possible in B decays, taking advantage of the entanglement
of the two daughter mesons produced in the decay Ã (4S) æ BB̄
which allows for both flavor (B0 æ ¸+X, B0 æ ¸≠X) and CP
(B+ æ J/ÂK0

L
, B≠ æ J/ÂK0

S
) tagging. Selecting events where

one B candidate is reconstructed in a CP eigenstate and the fla-
vor of the other B is identified, one can compare the rates of
the B0 æ B± and B0 æ B± transitions with their T -reversed
B± æ B0 and B± æ B0 processes, as a function of the time
di�erence ∆t between the two B decays [23–25]. Neglecting the
small width di�erence between the two B0

d
mass eigenstates, each

of these eight transitions has a time-dependent decay rate of the
form e≠≈d∆t {1+S±

–,—
sin (∆md∆t)+C±

–,—
cos (∆md∆t)}, where

≈d is the average decay width, ∆md the B0

d
mass di�erence, the

114 Tests of Conservation Laws

Tests of Conservation Laws

Revised April 2024 by A. Pich (IFIC, Valencia) and M. Ramsey-
Musolf (Tsung-Dao Lee Inst.; SJTU; U. Massachusetts).

In keeping with the current interest in tests of conservation laws,
we collect together a Table of experimental limits on all weak and
electromagnetic decays, mass di�erences, and moments, and on a
few reactions, whose observation would violate conservation laws.
The Table is given only in the full Review of Particle Physics
(RPP), not in the Particle Physics Booklet, and organizes the data
in two main sections: “Discrete Space-Time Symmetries”, i.e., C,
P , T , CP and CP T ; and “Number Conservation Laws”, i.e., lep-
ton, baryon, flavor and charge conservation. The references for
these data can be found in the Particle Listings. The following
text discusses the best limits among those included in the Table
and gives a brief overview of the current status. For some topics,
a more extensive discussion of the framework for theoretical inter-
pretation is provided, particularly where the analogous discussion
does not appear elsewhere in the RPP. References to more exten-
sive review articles are also included where appropriate. Unless
otherwise specified, all limits quoted in this review are given at a
C.L. of 90%.

DISCRETE SPACE-TIME SYMMETRIES

Charge conjugation (C), parity (P ) and time reversal (T ) are
empirically exact symmetries of the electromagnetic (QED) and
strong (QCD) interactions, but they are violated by the weak
forces. Owing to the left-handed nature of the SU(2)L ¢ U(1)Y

electroweak theory, C and P are maximally violated in the
fermionic couplings of the W ± and (up to sin2 ◊W corrections)
the Z. However, their product CP is still an exact symmetry
when only one or two fermion families are considered. With three
generations of fermions, CP is violated through the single complex
phase present in the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix. An analogous CP -violating (CPV) phase appears
in the lepton sector when non-vanishing neutrino masses are taken
into account (plus two additional phases if neutrinos are Majorana
particles). The product of the three discrete symmetries, CP T ,
is an exact symmetry of any local and Lorentz-invariant quantum
field theory with a positive-definite hermitian Hamiltonian that
preserves micro-causality [1, 2]. Therefore, the breaking of CP
implies a corresponding violation of T .

Violations of charge-conjugation symmetry have never been ob-
served in electromagnetic and strong phenomena. The most strin-
gent limits are extracted from C-violating transitions of neutral
(self-conjugate) particles such as Br(fi0 æ 3“) < 3.1 ◊ 10≠8 [3]
and Br(J/Â æ 2“) < 2.7 ◊ 10≠7 [4]. P (and CP ) conservation
has been also precisely tested through forbidden decays such as
Br(÷ æ 4fi0) < 6.9 ◊ 10≠7 [5], but the best limits on P and T are
set by the non-observation of electric dipole moments (see section
2). Obviously, the interplay of the weak interaction puts a lower
bound in sensitivity for this type of tests, beyond which violations
of the corresponding conservation laws should be detected.

1 Violations of CP and T
The first evidence of CP non-invariance in particle physics was

the observation in 1964 of K0

L
æ fi+fi≠ decays [6]. For many

years afterwards, the non-zero ratio

|÷+≠| © |M(K0

L
æ fi+fi≠)/M(K0

S
æ fi+fi≠)|

= (2.232 ± 0.011) ◊ 10≠3
(1)

could be explained as a K0–K0 mixing e�ect, ÷+≠ = ‘ (su-
perweak CP violation), which would imply an identical ratio
÷00 © M(K0

L
æ fi0fi0)/M(K0

S
æ fi0fi0) in the neutral decay

mode and successfully predicts the observed CP V semileptonic
asymmetry (AL(e) ¥ 2 Re ‘)

AL(e) ©
≈ (K0

L
æ fi≠e+‹e) ≠ ≈ (K0

L
æ fi+e≠‹̄e)

≈ (K0

L
æ fi≠e+‹e) + ≈ (K0

L
æ fi+e≠‹̄e)

= (3.34 ± 0.07) ◊ 10≠3 .

(2)

A tiny di�erence between ÷+≠ and ÷00 was reported for the first
time in 1988 by the CERN NA31 collaboration [7], and later es-

tablished at the 7.2‡ level with the full data samples from the
NA31 [8], E731 [9], NA48 [10] and KTeV [11] experiments:

Re(‘Õ/‘) =
1
3

(1 ≠ |÷00/÷+≠|) = (1.66 ± 0.23) ◊ 10≠3 . (3)

This important measurement confirmed that CP violation is as-
sociated with a ∆S = 1 transition, as predicted by the CKM
mechanism. The Standard Model (SM) prediction, Re(‘Õ/‘) =
(1.4 ± 0.5) ◊ 10≠3 [12–14], is in good agreement with the mea-
sured ratio, although the theoretical uncertainty is unfortunately
large.

Much larger CP asymmetries have been later measured in B
meson decays, many of them involving the interference between
B0–B0 mixing and the decay amplitude. They provide many
successful tests of the CKM unitarity structure, validating the
SM mechanism of CP violation (see the review on CP violation in
the quark sector). Prominent signals of direct CP violation in the
decay amplitudes have been also clearly established in several B±,
B0

d
and B0

s decays, and, very recently, in charm decays [15,16]:

∆adir

CP
© adir

CP
(D0 æ K+K≠) ≠ adir

CP
(D0 æ fi+fi≠)

= (≠15.7 ± 2.9) ◊ 10≠4 . (4a)

adir

CP
(D0 æ fi+fi≠) = (23.2 ± 6.1) ◊ 10≠4 . (4b)

These direct CP asymmetries necessarily involve the presence of
a strong phase-shift di�erence between (at least) two interfering
amplitudes, which makes very challenging to perform reliable SM
predictions for heavy-flavored mesons.

Global fits to neutrino oscillation data provide some hints of
a non-zero mixing phase [17, 18]. Although the statistical signifi-
cance is not yet compelling, they suggest that CP -violation e�ects
in neutrino oscillations could be large (see the review on neutrino
masses, mixings and oscillations). The future DUNE and Hyper-
Kamiokande experiments are expected to confirm the presence of
CP violation in the lepton sector or constrain the phase in the
leptonic mixing matrix to be smaller than O(10¶).

While CP violation implies a breaking of time-reversal sym-
metry, direct tests of T violation are much more di�cult. The
CPLEAR experiment observed longtime ago a non-zero di�er-
ence between the oscillation probabilities of K0 æ K0 and
K0 æ K0 [19]. Initial neutral kaons with defined strangeness
were produced from proton-antiproton annihilations at rest, pp̄ æ
K≠fi+K0, K+fi≠K0, and tagged by the accompanying charged
kaon, while the strangeness of the final neutral kaon was identified
through its semileptonic decay: K0 æ e+fi≠‹e, K0 æ e≠fi+‹̄e.
The average asymmetry over the time interval from 1 to 20 K0

S

lifetimes was found to be di�erent from zero at 4‡ [19]:

R[K0 (t = 0) æ e+fi≠‹e (t)] ≠ R[K0 (t = 0) æ e≠fi+‹̄e (t)]
R[K0 (t = 0) æ e+fi≠‹e (t)] + R[K0 (t = 0) æ e≠fi+‹̄e (t)]

=

= (6.6 ± 1.3 ± 1.0) ◊ 10≠3 .
(5)

Since this asymmetry violates also CP , its interpretation as di-
rect evidence of T violation requires a detailed analysis of the
underlying K0–K0 mixing process [20–22].

More recently, the exchange of initial and final states has been
made possible in B decays, taking advantage of the entanglement
of the two daughter mesons produced in the decay Ã (4S) æ BB̄
which allows for both flavor (B0 æ ¸+X, B0 æ ¸≠X) and CP
(B+ æ J/ÂK0

L
, B≠ æ J/ÂK0

S
) tagging. Selecting events where

one B candidate is reconstructed in a CP eigenstate and the fla-
vor of the other B is identified, one can compare the rates of
the B0 æ B± and B0 æ B± transitions with their T -reversed
B± æ B0 and B± æ B0 processes, as a function of the time
di�erence ∆t between the two B decays [23–25]. Neglecting the
small width di�erence between the two B0

d
mass eigenstates, each

of these eight transitions has a time-dependent decay rate of the
form e≠≈d∆t {1+S±

–,—
sin (∆md∆t)+C±

–,—
cos (∆md∆t)}, where

≈d is the average decay width, ∆md the B0

d
mass di�erence, the

16

CP violation found in other processes or systems

2001 - K0 meson system: direct CP violation
NA48 (CERN) and KTeV (FNAL) experiments

2001 - B0 meson system: CP violation in interference 
between mixing and decay amplitudes –
Exploiting entanglement of B0B0 pairs at collider
Babar (SLAC) and Belle (KEK) experiments

2019 - D0 meson system
LHCb (CERN) experiment

2025 - L0
b  baryon system

LHCb (CERN) experiment
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FIG. 4. (a) The asymmetry obtained from separate fits to
each Dt bin for the full data sample; the curve is the result
of the global fit. The corresponding plots for the (b) !cc"KS
!jf ! 21", (c) J#cKL !jf ! 11", and (d) B0 control samples
are also shown. The curves are the results of the fit applied
separately to the individual data samples.

fits applied separately to the two samples; the resultant
sin2f1 values are 0.84 6 0.17!stat" and 1.31 6 0.23!stat",
respectively.

The systematic error is dominated by uncertainties due
to effects of the tails of the vertex distributions, which con-
tribute 0.04. Other significant contributions come from
uncertainties (a) in wl !0.03"; (b) in the resolution func-
tion parameters !0.02"; and (c) in the J#cKL background
fraction !0.02". The errors introduced by uncertainties in
Dmd and tB0 are 0.01 or less.

We performed a number of checks on the measurement.
Table III lists the results obtained by applying the same
analysis to various subsamples. All values are statistically
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B0. Fitting to the non-CP eigenstate self-tagged modes
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where no asymmetry is expected, yields 0.05 6 0.04. The
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TABLE III. The values of sin2f1 for various subsamples (sta-
tistical errors only).

Sample sin2f1

ftag ! B0!q ! 11" 0.84 6 0.21
ftag ! B 0!q ! 21" 1.11 6 0.17

J#cKS!p1p2" 0.81 6 0.20
!cc"KS except J#cKS!p1p2" 1.00 6 0.40
J#cKL 1.31 6 0.23
J#cK!0!KSp0" 0.85 6 1.45

All 0.99 6 0.14

CP fitting programs and two different algorithms for the
ftag vertexing and found no discrepancy.

We conclude that there is large CP violation in the neu-
tral B meson system. A zero value for sin2f1 is ruled out
at a level greater than 6s. Our result is consistent with the
higher range of values allowed by the constraints of the
KM model as well as with our previous measurement.
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In keeping with the current interest in tests of conservation laws,
we collect together a Table of experimental limits on all weak and
electromagnetic decays, mass di�erences, and moments, and on a
few reactions, whose observation would violate conservation laws.
The Table is given only in the full Review of Particle Physics
(RPP), not in the Particle Physics Booklet, and organizes the data
in two main sections: “Discrete Space-Time Symmetries”, i.e., C,
P , T , CP and CP T ; and “Number Conservation Laws”, i.e., lep-
ton, baryon, flavor and charge conservation. The references for
these data can be found in the Particle Listings. The following
text discusses the best limits among those included in the Table
and gives a brief overview of the current status. For some topics,
a more extensive discussion of the framework for theoretical inter-
pretation is provided, particularly where the analogous discussion
does not appear elsewhere in the RPP. References to more exten-
sive review articles are also included where appropriate. Unless
otherwise specified, all limits quoted in this review are given at a
C.L. of 90%.

DISCRETE SPACE-TIME SYMMETRIES

Charge conjugation (C), parity (P ) and time reversal (T ) are
empirically exact symmetries of the electromagnetic (QED) and
strong (QCD) interactions, but they are violated by the weak
forces. Owing to the left-handed nature of the SU(2)L ¢ U(1)Y

electroweak theory, C and P are maximally violated in the
fermionic couplings of the W ± and (up to sin2 ◊W corrections)
the Z. However, their product CP is still an exact symmetry
when only one or two fermion families are considered. With three
generations of fermions, CP is violated through the single complex
phase present in the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix. An analogous CP -violating (CPV) phase appears
in the lepton sector when non-vanishing neutrino masses are taken
into account (plus two additional phases if neutrinos are Majorana
particles). The product of the three discrete symmetries, CP T ,
is an exact symmetry of any local and Lorentz-invariant quantum
field theory with a positive-definite hermitian Hamiltonian that
preserves micro-causality [1, 2]. Therefore, the breaking of CP
implies a corresponding violation of T .

Violations of charge-conjugation symmetry have never been ob-
served in electromagnetic and strong phenomena. The most strin-
gent limits are extracted from C-violating transitions of neutral
(self-conjugate) particles such as Br(fi0 æ 3“) < 3.1 ◊ 10≠8 [3]
and Br(J/Â æ 2“) < 2.7 ◊ 10≠7 [4]. P (and CP ) conservation
has been also precisely tested through forbidden decays such as
Br(÷ æ 4fi0) < 6.9 ◊ 10≠7 [5], but the best limits on P and T are
set by the non-observation of electric dipole moments (see section
2). Obviously, the interplay of the weak interaction puts a lower
bound in sensitivity for this type of tests, beyond which violations
of the corresponding conservation laws should be detected.

1 Violations of CP and T
The first evidence of CP non-invariance in particle physics was

the observation in 1964 of K0

L
æ fi+fi≠ decays [6]. For many

years afterwards, the non-zero ratio

|÷+≠| © |M(K0

L
æ fi+fi≠)/M(K0

S
æ fi+fi≠)|

= (2.232 ± 0.011) ◊ 10≠3
(1)

could be explained as a K0–K0 mixing e�ect, ÷+≠ = ‘ (su-
perweak CP violation), which would imply an identical ratio
÷00 © M(K0

L
æ fi0fi0)/M(K0

S
æ fi0fi0) in the neutral decay

mode and successfully predicts the observed CP V semileptonic
asymmetry (AL(e) ¥ 2 Re ‘)

AL(e) ©
≈ (K0

L
æ fi≠e+‹e) ≠ ≈ (K0

L
æ fi+e≠‹̄e)

≈ (K0

L
æ fi≠e+‹e) + ≈ (K0

L
æ fi+e≠‹̄e)

= (3.34 ± 0.07) ◊ 10≠3 .

(2)

A tiny di�erence between ÷+≠ and ÷00 was reported for the first
time in 1988 by the CERN NA31 collaboration [7], and later es-

tablished at the 7.2‡ level with the full data samples from the
NA31 [8], E731 [9], NA48 [10] and KTeV [11] experiments:

Re(‘Õ/‘) =
1
3

(1 ≠ |÷00/÷+≠|) = (1.66 ± 0.23) ◊ 10≠3 . (3)

This important measurement confirmed that CP violation is as-
sociated with a ∆S = 1 transition, as predicted by the CKM
mechanism. The Standard Model (SM) prediction, Re(‘Õ/‘) =
(1.4 ± 0.5) ◊ 10≠3 [12–14], is in good agreement with the mea-
sured ratio, although the theoretical uncertainty is unfortunately
large.

Much larger CP asymmetries have been later measured in B
meson decays, many of them involving the interference between
B0–B0 mixing and the decay amplitude. They provide many
successful tests of the CKM unitarity structure, validating the
SM mechanism of CP violation (see the review on CP violation in
the quark sector). Prominent signals of direct CP violation in the
decay amplitudes have been also clearly established in several B±,
B0

d
and B0

s decays, and, very recently, in charm decays [15,16]:

∆adir

CP
© adir

CP
(D0 æ K+K≠) ≠ adir

CP
(D0 æ fi+fi≠)

= (≠15.7 ± 2.9) ◊ 10≠4 . (4a)

adir

CP
(D0 æ fi+fi≠) = (23.2 ± 6.1) ◊ 10≠4 . (4b)

These direct CP asymmetries necessarily involve the presence of
a strong phase-shift di�erence between (at least) two interfering
amplitudes, which makes very challenging to perform reliable SM
predictions for heavy-flavored mesons.

Global fits to neutrino oscillation data provide some hints of
a non-zero mixing phase [17, 18]. Although the statistical signifi-
cance is not yet compelling, they suggest that CP -violation e�ects
in neutrino oscillations could be large (see the review on neutrino
masses, mixings and oscillations). The future DUNE and Hyper-
Kamiokande experiments are expected to confirm the presence of
CP violation in the lepton sector or constrain the phase in the
leptonic mixing matrix to be smaller than O(10¶).

While CP violation implies a breaking of time-reversal sym-
metry, direct tests of T violation are much more di�cult. The
CPLEAR experiment observed longtime ago a non-zero di�er-
ence between the oscillation probabilities of K0 æ K0 and
K0 æ K0 [19]. Initial neutral kaons with defined strangeness
were produced from proton-antiproton annihilations at rest, pp̄ æ
K≠fi+K0, K+fi≠K0, and tagged by the accompanying charged
kaon, while the strangeness of the final neutral kaon was identified
through its semileptonic decay: K0 æ e+fi≠‹e, K0 æ e≠fi+‹̄e.
The average asymmetry over the time interval from 1 to 20 K0

S

lifetimes was found to be di�erent from zero at 4‡ [19]:

R[K0 (t = 0) æ e+fi≠‹e (t)] ≠ R[K0 (t = 0) æ e≠fi+‹̄e (t)]
R[K0 (t = 0) æ e+fi≠‹e (t)] + R[K0 (t = 0) æ e≠fi+‹̄e (t)]

=

= (6.6 ± 1.3 ± 1.0) ◊ 10≠3 .
(5)

Since this asymmetry violates also CP , its interpretation as di-
rect evidence of T violation requires a detailed analysis of the
underlying K0–K0 mixing process [20–22].

More recently, the exchange of initial and final states has been
made possible in B decays, taking advantage of the entanglement
of the two daughter mesons produced in the decay Ã (4S) æ BB̄
which allows for both flavor (B0 æ ¸+X, B0 æ ¸≠X) and CP
(B+ æ J/ÂK0

L
, B≠ æ J/ÂK0

S
) tagging. Selecting events where

one B candidate is reconstructed in a CP eigenstate and the fla-
vor of the other B is identified, one can compare the rates of
the B0 æ B± and B0 æ B± transitions with their T -reversed
B± æ B0 and B± æ B0 processes, as a function of the time
di�erence ∆t between the two B decays [23–25]. Neglecting the
small width di�erence between the two B0

d
mass eigenstates, each

of these eight transitions has a time-dependent decay rate of the
form e≠≈d∆t {1+S±

–,—
sin (∆md∆t)+C±

–,—
cos (∆md∆t)}, where

≈d is the average decay width, ∆md the B0

d
mass di�erence, the

ACP = (2.45 ± 0.46 ± 0.10)%
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In keeping with the current interest in tests of conservation laws,
we collect together a Table of experimental limits on all weak and
electromagnetic decays, mass di�erences, and moments, and on a
few reactions, whose observation would violate conservation laws.
The Table is given only in the full Review of Particle Physics
(RPP), not in the Particle Physics Booklet, and organizes the data
in two main sections: “Discrete Space-Time Symmetries”, i.e., C,
P , T , CP and CP T ; and “Number Conservation Laws”, i.e., lep-
ton, baryon, flavor and charge conservation. The references for
these data can be found in the Particle Listings. The following
text discusses the best limits among those included in the Table
and gives a brief overview of the current status. For some topics,
a more extensive discussion of the framework for theoretical inter-
pretation is provided, particularly where the analogous discussion
does not appear elsewhere in the RPP. References to more exten-
sive review articles are also included where appropriate. Unless
otherwise specified, all limits quoted in this review are given at a
C.L. of 90%.
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Charge conjugation (C), parity (P ) and time reversal (T ) are
empirically exact symmetries of the electromagnetic (QED) and
strong (QCD) interactions, but they are violated by the weak
forces. Owing to the left-handed nature of the SU(2)L ¢ U(1)Y

electroweak theory, C and P are maximally violated in the
fermionic couplings of the W ± and (up to sin2 ◊W corrections)
the Z. However, their product CP is still an exact symmetry
when only one or two fermion families are considered. With three
generations of fermions, CP is violated through the single complex
phase present in the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix. An analogous CP -violating (CPV) phase appears
in the lepton sector when non-vanishing neutrino masses are taken
into account (plus two additional phases if neutrinos are Majorana
particles). The product of the three discrete symmetries, CP T ,
is an exact symmetry of any local and Lorentz-invariant quantum
field theory with a positive-definite hermitian Hamiltonian that
preserves micro-causality [1, 2]. Therefore, the breaking of CP
implies a corresponding violation of T .

Violations of charge-conjugation symmetry have never been ob-
served in electromagnetic and strong phenomena. The most strin-
gent limits are extracted from C-violating transitions of neutral
(self-conjugate) particles such as Br(fi0 æ 3“) < 3.1 ◊ 10≠8 [3]
and Br(J/Â æ 2“) < 2.7 ◊ 10≠7 [4]. P (and CP ) conservation
has been also precisely tested through forbidden decays such as
Br(÷ æ 4fi0) < 6.9 ◊ 10≠7 [5], but the best limits on P and T are
set by the non-observation of electric dipole moments (see section
2). Obviously, the interplay of the weak interaction puts a lower
bound in sensitivity for this type of tests, beyond which violations
of the corresponding conservation laws should be detected.

1 Violations of CP and T
The first evidence of CP non-invariance in particle physics was

the observation in 1964 of K0

L
æ fi+fi≠ decays [6]. For many

years afterwards, the non-zero ratio
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A tiny di�erence between ÷+≠ and ÷00 was reported for the first
time in 1988 by the CERN NA31 collaboration [7], and later es-

tablished at the 7.2‡ level with the full data samples from the
NA31 [8], E731 [9], NA48 [10] and KTeV [11] experiments:

Re(‘Õ/‘) =
1
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(1 ≠ |÷00/÷+≠|) = (1.66 ± 0.23) ◊ 10≠3 . (3)

This important measurement confirmed that CP violation is as-
sociated with a ∆S = 1 transition, as predicted by the CKM
mechanism. The Standard Model (SM) prediction, Re(‘Õ/‘) =
(1.4 ± 0.5) ◊ 10≠3 [12–14], is in good agreement with the mea-
sured ratio, although the theoretical uncertainty is unfortunately
large.

Much larger CP asymmetries have been later measured in B
meson decays, many of them involving the interference between
B0–B0 mixing and the decay amplitude. They provide many
successful tests of the CKM unitarity structure, validating the
SM mechanism of CP violation (see the review on CP violation in
the quark sector). Prominent signals of direct CP violation in the
decay amplitudes have been also clearly established in several B±,
B0
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and B0

s decays, and, very recently, in charm decays [15,16]:
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These direct CP asymmetries necessarily involve the presence of
a strong phase-shift di�erence between (at least) two interfering
amplitudes, which makes very challenging to perform reliable SM
predictions for heavy-flavored mesons.

Global fits to neutrino oscillation data provide some hints of
a non-zero mixing phase [17, 18]. Although the statistical signifi-
cance is not yet compelling, they suggest that CP -violation e�ects
in neutrino oscillations could be large (see the review on neutrino
masses, mixings and oscillations). The future DUNE and Hyper-
Kamiokande experiments are expected to confirm the presence of
CP violation in the lepton sector or constrain the phase in the
leptonic mixing matrix to be smaller than O(10¶).

While CP violation implies a breaking of time-reversal sym-
metry, direct tests of T violation are much more di�cult. The
CPLEAR experiment observed longtime ago a non-zero di�er-
ence between the oscillation probabilities of K0 æ K0 and
K0 æ K0 [19]. Initial neutral kaons with defined strangeness
were produced from proton-antiproton annihilations at rest, pp̄ æ
K≠fi+K0, K+fi≠K0, and tagged by the accompanying charged
kaon, while the strangeness of the final neutral kaon was identified
through its semileptonic decay: K0 æ e+fi≠‹e, K0 æ e≠fi+‹̄e.
The average asymmetry over the time interval from 1 to 20 K0
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Since this asymmetry violates also CP , its interpretation as di-
rect evidence of T violation requires a detailed analysis of the
underlying K0–K0 mixing process [20–22].

More recently, the exchange of initial and final states has been
made possible in B decays, taking advantage of the entanglement
of the two daughter mesons produced in the decay Ã (4S) æ BB̄
which allows for both flavor (B0 æ ¸+X, B0 æ ¸≠X) and CP
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one B candidate is reconstructed in a CP eigenstate and the fla-
vor of the other B is identified, one can compare the rates of
the B0 æ B± and B0 æ B± transitions with their T -reversed
B± æ B0 and B± æ B0 processes, as a function of the time
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empirically exact symmetries of the electromagnetic (QED) and
strong (QCD) interactions, but they are violated by the weak
forces. Owing to the left-handed nature of the SU(2)L ¢ U(1)Y

electroweak theory, C and P are maximally violated in the
fermionic couplings of the W ± and (up to sin2 ◊W corrections)
the Z. However, their product CP is still an exact symmetry
when only one or two fermion families are considered. With three
generations of fermions, CP is violated through the single complex
phase present in the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix. An analogous CP -violating (CPV) phase appears
in the lepton sector when non-vanishing neutrino masses are taken
into account (plus two additional phases if neutrinos are Majorana
particles). The product of the three discrete symmetries, CP T ,
is an exact symmetry of any local and Lorentz-invariant quantum
field theory with a positive-definite hermitian Hamiltonian that
preserves micro-causality [1, 2]. Therefore, the breaking of CP
implies a corresponding violation of T .

Violations of charge-conjugation symmetry have never been ob-
served in electromagnetic and strong phenomena. The most strin-
gent limits are extracted from C-violating transitions of neutral
(self-conjugate) particles such as Br(fi0 æ 3“) < 3.1 ◊ 10≠8 [3]
and Br(J/Â æ 2“) < 2.7 ◊ 10≠7 [4]. P (and CP ) conservation
has been also precisely tested through forbidden decays such as
Br(÷ æ 4fi0) < 6.9 ◊ 10≠7 [5], but the best limits on P and T are
set by the non-observation of electric dipole moments (see section
2). Obviously, the interplay of the weak interaction puts a lower
bound in sensitivity for this type of tests, beyond which violations
of the corresponding conservation laws should be detected.

1 Violations of CP and T
The first evidence of CP non-invariance in particle physics was

the observation in 1964 of K0
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Kamiokande experiments are expected to confirm the presence of
CP violation in the lepton sector or constrain the phase in the
leptonic mixing matrix to be smaller than O(10¶).

While CP violation implies a breaking of time-reversal sym-
metry, direct tests of T violation are much more di�cult. The
CPLEAR experiment observed longtime ago a non-zero di�er-
ence between the oscillation probabilities of K0 æ K0 and
K0 æ K0 [19]. Initial neutral kaons with defined strangeness
were produced from proton-antiproton annihilations at rest, pp̄ æ
K≠fi+K0, K+fi≠K0, and tagged by the accompanying charged
kaon, while the strangeness of the final neutral kaon was identified
through its semileptonic decay: K0 æ e+fi≠‹e, K0 æ e≠fi+‹̄e.
The average asymmetry over the time interval from 1 to 20 K0

S

lifetimes was found to be di�erent from zero at 4‡ [19]:

R[K0 (t = 0) æ e+fi≠‹e (t)] ≠ R[K0 (t = 0) æ e≠fi+‹̄e (t)]
R[K0 (t = 0) æ e+fi≠‹e (t)] + R[K0 (t = 0) æ e≠fi+‹̄e (t)]

=

= (6.6 ± 1.3 ± 1.0) ◊ 10≠3 .
(5)

Since this asymmetry violates also CP , its interpretation as di-
rect evidence of T violation requires a detailed analysis of the
underlying K0–K0 mixing process [20–22].

More recently, the exchange of initial and final states has been
made possible in B decays, taking advantage of the entanglement
of the two daughter mesons produced in the decay Ã (4S) æ BB̄
which allows for both flavor (B0 æ ¸+X, B0 æ ¸≠X) and CP
(B+ æ J/ÂK0

L
, B≠ æ J/ÂK0

S
) tagging. Selecting events where

one B candidate is reconstructed in a CP eigenstate and the fla-
vor of the other B is identified, one can compare the rates of
the B0 æ B± and B0 æ B± transitions with their T -reversed
B± æ B0 and B± æ B0 processes, as a function of the time
di�erence ∆t between the two B decays [23–25]. Neglecting the
small width di�erence between the two B0

d
mass eigenstates, each

of these eight transitions has a time-dependent decay rate of the
form e≠≈d∆t {1+S±

–,—
sin (∆md∆t)+C±

–,—
cos (∆md∆t)}, where

≈d is the average decay width, ∆md the B0

d
mass di�erence, the
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CP violation found in other processes or systems

2001 - K0 meson system: direct CP violation
NA48 (CERN) and KTeV (FNAL) experiments

2001 - B0 meson system: CP violation in interference 
between mixing and decay amplitudes –
Exploiting entanglement of B0B0 pairs at collider
Babar (SLAC) and Belle (KEK) experiments

2019 - D0 meson system
LHCb (CERN) experiment

2025 - L0
b  baryon system

LHCb (CERN) experiment
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FIG. 4. (a) The asymmetry obtained from separate fits to
each Dt bin for the full data sample; the curve is the result
of the global fit. The corresponding plots for the (b) !cc"KS
!jf ! 21", (c) J#cKL !jf ! 11", and (d) B0 control samples
are also shown. The curves are the results of the fit applied
separately to the individual data samples.

fits applied separately to the two samples; the resultant
sin2f1 values are 0.84 6 0.17!stat" and 1.31 6 0.23!stat",
respectively.

The systematic error is dominated by uncertainties due
to effects of the tails of the vertex distributions, which con-
tribute 0.04. Other significant contributions come from
uncertainties (a) in wl !0.03"; (b) in the resolution func-
tion parameters !0.02"; and (c) in the J#cKL background
fraction !0.02". The errors introduced by uncertainties in
Dmd and tB0 are 0.01 or less.

We performed a number of checks on the measurement.
Table III lists the results obtained by applying the same
analysis to various subsamples. All values are statistically
consistent with each other. The result is unchanged if
we use the wl’s determined separately for ftag ! B0 and
B0. Fitting to the non-CP eigenstate self-tagged modes
B0 ! D!!"2p1, D!2r1, J#cK!0!K1p2", and D!2!1n,
where no asymmetry is expected, yields 0.05 6 0.04. The
asymmetry distribution for this control sample is shown in
Fig. 4(d). As a further check, we used three independent

TABLE III. The values of sin2f1 for various subsamples (sta-
tistical errors only).

Sample sin2f1

ftag ! B0!q ! 11" 0.84 6 0.21
ftag ! B 0!q ! 21" 1.11 6 0.17

J#cKS!p1p2" 0.81 6 0.20
!cc"KS except J#cKS!p1p2" 1.00 6 0.40
J#cKL 1.31 6 0.23
J#cK!0!KSp0" 0.85 6 1.45

All 0.99 6 0.14

CP fitting programs and two different algorithms for the
ftag vertexing and found no discrepancy.

We conclude that there is large CP violation in the neu-
tral B meson system. A zero value for sin2f1 is ruled out
at a level greater than 6s. Our result is consistent with the
higher range of values allowed by the constraints of the
KM model as well as with our previous measurement.

We thank the KEKB accelerator group for the excel-
lent operation of the KEKB accelerator. We acknowledge
support from the Ministry of Education, Culture, Sports,
Science and Technology of Japan and the Japan Society for
the Promotion of Science; the Australian Research Coun-
cil and the Australian Department of Industry, Science and
Resources; the Department of Science and Technology of
India; the BK21 program of the Ministry of Education of
Korea and the Center for High Energy Physics sponsored
by the KOSEF; the Polish State Committee for Scientific
Research under Contract No. 2P03B 17017; the Ministry
of Science and Technology of Russian Federation; the Na-
tional Science Council and the Ministry of Education of
Taiwan; and the U.S. Department of Energy.

Note added.—As we were preparing to submit this
paper, we became aware of a paper from the BABAR Col-
laboration [17] which also reports on CP violation in the
B meson system.
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Musolf (Tsung-Dao Lee Inst.; SJTU; U. Massachusetts).

In keeping with the current interest in tests of conservation laws,
we collect together a Table of experimental limits on all weak and
electromagnetic decays, mass di�erences, and moments, and on a
few reactions, whose observation would violate conservation laws.
The Table is given only in the full Review of Particle Physics
(RPP), not in the Particle Physics Booklet, and organizes the data
in two main sections: “Discrete Space-Time Symmetries”, i.e., C,
P , T , CP and CP T ; and “Number Conservation Laws”, i.e., lep-
ton, baryon, flavor and charge conservation. The references for
these data can be found in the Particle Listings. The following
text discusses the best limits among those included in the Table
and gives a brief overview of the current status. For some topics,
a more extensive discussion of the framework for theoretical inter-
pretation is provided, particularly where the analogous discussion
does not appear elsewhere in the RPP. References to more exten-
sive review articles are also included where appropriate. Unless
otherwise specified, all limits quoted in this review are given at a
C.L. of 90%.

DISCRETE SPACE-TIME SYMMETRIES

Charge conjugation (C), parity (P ) and time reversal (T ) are
empirically exact symmetries of the electromagnetic (QED) and
strong (QCD) interactions, but they are violated by the weak
forces. Owing to the left-handed nature of the SU(2)L ¢ U(1)Y

electroweak theory, C and P are maximally violated in the
fermionic couplings of the W ± and (up to sin2 ◊W corrections)
the Z. However, their product CP is still an exact symmetry
when only one or two fermion families are considered. With three
generations of fermions, CP is violated through the single complex
phase present in the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix. An analogous CP -violating (CPV) phase appears
in the lepton sector when non-vanishing neutrino masses are taken
into account (plus two additional phases if neutrinos are Majorana
particles). The product of the three discrete symmetries, CP T ,
is an exact symmetry of any local and Lorentz-invariant quantum
field theory with a positive-definite hermitian Hamiltonian that
preserves micro-causality [1, 2]. Therefore, the breaking of CP
implies a corresponding violation of T .

Violations of charge-conjugation symmetry have never been ob-
served in electromagnetic and strong phenomena. The most strin-
gent limits are extracted from C-violating transitions of neutral
(self-conjugate) particles such as Br(fi0 æ 3“) < 3.1 ◊ 10≠8 [3]
and Br(J/Â æ 2“) < 2.7 ◊ 10≠7 [4]. P (and CP ) conservation
has been also precisely tested through forbidden decays such as
Br(÷ æ 4fi0) < 6.9 ◊ 10≠7 [5], but the best limits on P and T are
set by the non-observation of electric dipole moments (see section
2). Obviously, the interplay of the weak interaction puts a lower
bound in sensitivity for this type of tests, beyond which violations
of the corresponding conservation laws should be detected.

1 Violations of CP and T
The first evidence of CP non-invariance in particle physics was

the observation in 1964 of K0

L
æ fi+fi≠ decays [6]. For many

years afterwards, the non-zero ratio

|÷+≠| © |M(K0

L
æ fi+fi≠)/M(K0

S
æ fi+fi≠)|

= (2.232 ± 0.011) ◊ 10≠3
(1)

could be explained as a K0–K0 mixing e�ect, ÷+≠ = ‘ (su-
perweak CP violation), which would imply an identical ratio
÷00 © M(K0

L
æ fi0fi0)/M(K0

S
æ fi0fi0) in the neutral decay

mode and successfully predicts the observed CP V semileptonic
asymmetry (AL(e) ¥ 2 Re ‘)

AL(e) ©
≈ (K0

L
æ fi≠e+‹e) ≠ ≈ (K0

L
æ fi+e≠‹̄e)

≈ (K0

L
æ fi≠e+‹e) + ≈ (K0

L
æ fi+e≠‹̄e)

= (3.34 ± 0.07) ◊ 10≠3 .

(2)

A tiny di�erence between ÷+≠ and ÷00 was reported for the first
time in 1988 by the CERN NA31 collaboration [7], and later es-

tablished at the 7.2‡ level with the full data samples from the
NA31 [8], E731 [9], NA48 [10] and KTeV [11] experiments:

Re(‘Õ/‘) =
1
3

(1 ≠ |÷00/÷+≠|) = (1.66 ± 0.23) ◊ 10≠3 . (3)

This important measurement confirmed that CP violation is as-
sociated with a ∆S = 1 transition, as predicted by the CKM
mechanism. The Standard Model (SM) prediction, Re(‘Õ/‘) =
(1.4 ± 0.5) ◊ 10≠3 [12–14], is in good agreement with the mea-
sured ratio, although the theoretical uncertainty is unfortunately
large.

Much larger CP asymmetries have been later measured in B
meson decays, many of them involving the interference between
B0–B0 mixing and the decay amplitude. They provide many
successful tests of the CKM unitarity structure, validating the
SM mechanism of CP violation (see the review on CP violation in
the quark sector). Prominent signals of direct CP violation in the
decay amplitudes have been also clearly established in several B±,
B0

d
and B0

s decays, and, very recently, in charm decays [15,16]:

∆adir

CP
© adir

CP
(D0 æ K+K≠) ≠ adir

CP
(D0 æ fi+fi≠)

= (≠15.7 ± 2.9) ◊ 10≠4 . (4a)

adir

CP
(D0 æ fi+fi≠) = (23.2 ± 6.1) ◊ 10≠4 . (4b)

These direct CP asymmetries necessarily involve the presence of
a strong phase-shift di�erence between (at least) two interfering
amplitudes, which makes very challenging to perform reliable SM
predictions for heavy-flavored mesons.

Global fits to neutrino oscillation data provide some hints of
a non-zero mixing phase [17, 18]. Although the statistical signifi-
cance is not yet compelling, they suggest that CP -violation e�ects
in neutrino oscillations could be large (see the review on neutrino
masses, mixings and oscillations). The future DUNE and Hyper-
Kamiokande experiments are expected to confirm the presence of
CP violation in the lepton sector or constrain the phase in the
leptonic mixing matrix to be smaller than O(10¶).

While CP violation implies a breaking of time-reversal sym-
metry, direct tests of T violation are much more di�cult. The
CPLEAR experiment observed longtime ago a non-zero di�er-
ence between the oscillation probabilities of K0 æ K0 and
K0 æ K0 [19]. Initial neutral kaons with defined strangeness
were produced from proton-antiproton annihilations at rest, pp̄ æ
K≠fi+K0, K+fi≠K0, and tagged by the accompanying charged
kaon, while the strangeness of the final neutral kaon was identified
through its semileptonic decay: K0 æ e+fi≠‹e, K0 æ e≠fi+‹̄e.
The average asymmetry over the time interval from 1 to 20 K0

S

lifetimes was found to be di�erent from zero at 4‡ [19]:

R[K0 (t = 0) æ e+fi≠‹e (t)] ≠ R[K0 (t = 0) æ e≠fi+‹̄e (t)]
R[K0 (t = 0) æ e+fi≠‹e (t)] + R[K0 (t = 0) æ e≠fi+‹̄e (t)]

=

= (6.6 ± 1.3 ± 1.0) ◊ 10≠3 .
(5)

Since this asymmetry violates also CP , its interpretation as di-
rect evidence of T violation requires a detailed analysis of the
underlying K0–K0 mixing process [20–22].

More recently, the exchange of initial and final states has been
made possible in B decays, taking advantage of the entanglement
of the two daughter mesons produced in the decay Ã (4S) æ BB̄
which allows for both flavor (B0 æ ¸+X, B0 æ ¸≠X) and CP
(B+ æ J/ÂK0

L
, B≠ æ J/ÂK0

S
) tagging. Selecting events where

one B candidate is reconstructed in a CP eigenstate and the fla-
vor of the other B is identified, one can compare the rates of
the B0 æ B± and B0 æ B± transitions with their T -reversed
B± æ B0 and B± æ B0 processes, as a function of the time
di�erence ∆t between the two B decays [23–25]. Neglecting the
small width di�erence between the two B0

d
mass eigenstates, each

of these eight transitions has a time-dependent decay rate of the
form e≠≈d∆t {1+S±

–,—
sin (∆md∆t)+C±

–,—
cos (∆md∆t)}, where

≈d is the average decay width, ∆md the B0

d
mass di�erence, the

ACP = (2.45 ± 0.46 ± 0.10)%

CP violation discovered so far only in 
mesons or baryons (made by quarks), 
not in leptons, like electrons or 
neutrinos
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• In the Standard Model, the only source of CP violation in the quark sector is a 
single irreducible complex phase d in the Cabibbo–Kobayashi–Maskawa 
matrix (CKM matrix). 

• This phase appears in the charged-current weak interaction.
• This phase exists only because there are at least three generations of quarks.
• Quantitatively the observed CP violation in the quark sector appears consistent with 

the prediction of the SM CKM mechanism. 
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


d′

s′

b′



 =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb








d
s
b



 = V




d
s
b



 (7.18)

The matrix has values that come from experiment. The magnitudes (we
will consider the phases later) are the magnitudes (. . . ) are as follows:11 11For the most recent values consult

the PDG Tables [115].

V =





0.97427 ± 0.00015 0.22534 ± 0.00065 0.00351+0.00015
−0.00014

0.22520 ± 0.00065 0.97344 ± 0.00016 0.0412+0.0011
−0.0005

0.00867+0.00029
−0.00031 0.0404+0.0011

−0.0005 0.999146+0.000021
−0.000046





(7.19)

We will review some of the techniques used to measure the elements
of the CKM matrix in Chapter 8. Note that the bottom row and right
column are rather close to being all zero or one, i.e. the third generation
does not mix much with the other two. This is the reason why the decays
of particles involving b quarks are very slow.

Kobayashi and Maskawa were originally searching for an excuse to
allow a non-trivial complex number into the 2 × 2 mixing matrix—
they realized12 12For which they won the 2008 Nobel

Prize.
that this is a way of inserting (at that time recently

discovered) CP violation into the theory. Because it is possible to add
a phase to each quark without altering the theory (measurable quan-
tities are proportional to |M |2), this could not be done with a 2 × 2
matrix. If the number of quark generations is extended to 3, the ma-
trix can have one non-trivial CP violation-generating phase. Much of
what is known as ‘heavy-flavour physics’ revolves around pinning down
the values of the CKM matrix elements, since they are key param-
eters in calculating the decay rates of heavy mesons and baryons. In
addition to measurements depending directly on the matrix elements,
the CKM matrix must also respect the constraint of unitarity. Al-
though the number of parameters to be determined is not huge, to take
proper account of the mathematical constraints and to include system-
atic and statistical errors correctly is non-trivial and beyond the scope
of this text.

It is conventional to treat the charge −1
3 quarks (d, s, b) as the ones

that mix to (d′, s′, b′), while the others (u, c, t) do not change. This could
have been done the other way round (or even considering a combination
of rotations of both the charge − 1

3 and charge +2
3 quarks), but it can

be shown to simplify to the same combinations as used here.
Assuming that the CKM matrix is unitary, it can be parameterized

in terms of three independent mixing angles θ12, θ23, θ13 and the one
complex phase δ as discussed above. A popular way to parameterize the
matrix, following the Particle Data Group (PDG), is as follows:

V =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13



 (7.20)
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
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The matrix has values that come from experiment. The magnitudes (we
will consider the phases later) are the magnitudes (. . . ) are as follows:11 11For the most recent values consult

the PDG Tables [115].

V =





0.97427 ± 0.00015 0.22534 ± 0.00065 0.00351+0.00015
−0.00014

0.22520 ± 0.00065 0.97344 ± 0.00016 0.0412+0.0011
−0.0005

0.00867+0.00029
−0.00031 0.0404+0.0011

−0.0005 0.999146+0.000021
−0.000046





(7.19)

We will review some of the techniques used to measure the elements
of the CKM matrix in Chapter 8. Note that the bottom row and right
column are rather close to being all zero or one, i.e. the third generation
does not mix much with the other two. This is the reason why the decays
of particles involving b quarks are very slow.

Kobayashi and Maskawa were originally searching for an excuse to
allow a non-trivial complex number into the 2 × 2 mixing matrix—
they realized12 12For which they won the 2008 Nobel

Prize.
that this is a way of inserting (at that time recently

discovered) CP violation into the theory. Because it is possible to add
a phase to each quark without altering the theory (measurable quan-
tities are proportional to |M |2), this could not be done with a 2 × 2
matrix. If the number of quark generations is extended to 3, the ma-
trix can have one non-trivial CP violation-generating phase. Much of
what is known as ‘heavy-flavour physics’ revolves around pinning down
the values of the CKM matrix elements, since they are key param-
eters in calculating the decay rates of heavy mesons and baryons. In
addition to measurements depending directly on the matrix elements,
the CKM matrix must also respect the constraint of unitarity. Al-
though the number of parameters to be determined is not huge, to take
proper account of the mathematical constraints and to include system-
atic and statistical errors correctly is non-trivial and beyond the scope
of this text.

It is conventional to treat the charge −1
3 quarks (d, s, b) as the ones

that mix to (d′, s′, b′), while the others (u, c, t) do not change. This could
have been done the other way round (or even considering a combination
of rotations of both the charge − 1

3 and charge +2
3 quarks), but it can

be shown to simplify to the same combinations as used here.
Assuming that the CKM matrix is unitary, it can be parameterized

in terms of three independent mixing angles θ12, θ23, θ13 and the one
complex phase δ as discussed above. A popular way to parameterize the
matrix, following the Particle Data Group (PDG), is as follows:

V =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13



 (7.20)

small mixing angles in CKM 
induce small CP violation
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Where did the antimatter go?

Chris Marshall - Rochester colloquium27

Where did the antimatter go?

matter and antimatter in equal 
amounts after big bang

no large-scale structures 
made of antimatter

Chris Marshall - Rochester colloquium28

Is CP respected by neutrino 
oscillations?

● Charge-parity symmetry means 
that physics is invariant for a 
particle and the mirror image of its 
antiparticle

● CP violation is an ingredient of 
explaining the matter asymmetry

● Very very tiny CP violation is 
observed in quarks, but it is too 
small to explain the imbalance

e-

e+

CP symmetry connects 
matter and antimatter

CP violation is a key 
ingredient to explain the 
absence of anti-matter in 
the Universe
(A. Sakharov, 1967)
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Where did the antimatter go?

Chris Marshall - Rochester colloquium27

Where did the antimatter go?

matter and antimatter in equal 
amounts after big bang

no large-scale structures 
made of antimatter

Chris Marshall - Rochester colloquium28

Is CP respected by neutrino 
oscillations?

● Charge-parity symmetry means 
that physics is invariant for a 
particle and the mirror image of its 
antiparticle

● CP violation is an ingredient of 
explaining the matter asymmetry

● Very very tiny CP violation is 
observed in quarks, but it is too 
small to explain the imbalance

e-

e+

CP symmetry connects 
matter and antimatter

CP violation is a key 
ingredient to explain the 
absence of anti-matter in 
the Universe
(A. Sakharov, 1967)
The observed CP violation 
in quarks is too small to 
explain the imbalance 
matter-antimatter in the 
Universe.
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Neutrinos in the Standard Model
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Chris Marshall - Rochester colloquium2

Neutrinos in the Standard Model

ν
e

e

ν
μ

 μ 

ν
τ

τ

Neutrinos in SM are expected to have zero mass.
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Neutrino oscillation

• if neutrinos have mass... 
• a neutrino that is produced as a νµ 

• (e.g. π+ → µ+ νµ) 

• might some time later be observed as a νe 

• (e.g. νe n → e- p)

ν

µ e

WW

Source Detector

Maki, 
Nakagawa, 

Sakata

Prog.Theor.Phys. 28, 
870 (1962)

Pontecorvo 

Sov.Phys.JETP 
6:429,1957
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26:984-988,1968
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Neutrino oscillation

Chris Marshall - Rochester colloquium8

What happens to neutrinos as they 
travel?

● We can create neutrinos of one flavor, say νμ

● And detect them later as some other flavor, say νe

● This is weird...why?
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1998 – SuperKamiokande:
Oscillations discovered in atmospheric neutrinos

VOLUME 81, NUMBER 8 PHY S I CA L REV I EW LE T T ER S 24 AUGUST 1998

FIG. 2. The 68%, 90%, and 99% confidence intervals are
shown for sin2 2u and Dm2 for nm $ nt two-neutrino oscil-
lations based on 33.0 kton yr of Super-Kamiokande data. The
90% confidence interval obtained by the Kamiokande experi-
ment is also shown.

case overlapped at 1 3 1023 , Dm2 , 4 3 1023 eV2

for sin2 2u ≠ 1.
As a cross-check of the above analyses, we have re-

constructed the best estimate of the ratio LyEn for each
event. The neutrino energy is estimated by applying a
correction to the final state lepton momentum. Typi-

cally, final state leptons with p , 100 MeVyc carry 65%
of the incoming neutrino energy increasing to ,85% at
p ≠ 1 GeVyc. The neutrino flight distance L is esti-
mated following Ref. [18] using the estimated neutrino
energy and the reconstructed lepton direction and flavor.
Figure 4 shows the ratio of FC data to Monte Carlo for
e-like and m-like events with p . 400 MeV as a func-
tion of LyEn , compared to the expectation for nm $ nt

oscillations with our best-fit parameters. The e-like data
show no significant variation in LyEn , while the m-like
events show a significant deficit at large LyEn . At large
LyEn , the nm have presumably undergone numerous os-
cillations and have averaged out to roughly half the
initial rate.
The asymmetry A of the e-like events in the present data

is consistent with expectations without neutrino oscilla-
tions and two-flavor ne $ nm oscillations are not favored.
This is in agreement with recent results from the CHOOZ
experiment [22]. The LSND experiment has reported the
appearance of ne in a beam of nm produced by stopped
pions [23]. The LSND results do not contradict the
present results if they are observing small mixing angles.
With the best-fit parameters for nm $ nt oscillations, we
expect a total of only 15–20 events from nt charged-
current interactions in the data sample. Using the current
sample, oscillations between nm and nt are indistinguish-
able from oscillations between nm and a noninteracting
sterile neutrino.
Figure 2 shows the Super-Kamiokande results overlaid

with the allowed region obtained by the Kamiokande

FIG. 3. Zenith angle distributions of m-like and e-like events for sub-GeV and multi-GeV data sets. Upward-going particles
have cosQ , 0 and downward-going particles have cosQ . 0. Sub-GeV data are shown separately for p , 400 MeVyc and
p . 400 MeVyc. Multi-GeV e-like distributions are shown for p , 2.5 and p . 2.5 GeVyc and the multi-GeV m-like are shown
separately for FC and PC events. The hatched region shows the Monte Carlo expectation for no oscillations normalized to the data
live time with statistical errors. The bold line is the best-fit expectation for nm $ nt oscillations with the overall flux normalization
fitted as a free parameter.

1566

Þ neutrinos have
a tiny mass
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Neutrino oscillations

Chris Marshall - Rochester colloquium17

A neutrino oscillation experiment

Distance / Energy (L/E)

 ~ 1/Δm2

ν
α

source

“Near” and “Far” detectors
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Chris Marshall - Fermilab colloquium3

Neutrinos oscillate
Flavor eigenstates Mass eigenstates

● Observing neutrino oscillation implies that 

● Flavor and mass eigenstates mix, e.g. PMNS 
matrix is not diagonal → a neutrino of definite 
flavor is a superposition of three masses

● The masses are different, and thus nonzero

Mixing with three neutrinos

326 Neutrino oscillations

the ∆m2
kj is much greater than all other ∆m2s (‘one-mass-scale domin-

ance’), they reduce to quasi-two-flavour expressions described by a single
effective mixing angle.

11.5.2 Three-flavour oscillations

There is currently no convincing evidence for more than three neutrino
flavours. The mixing of the known neutrinos can therefore be described
in terms of three mixing angles θ12, θ13, and θ23, a single phase δ, and the
three mass (squared) differences, ∆m2

12, ∆m2
23, and ∆m2

13 between three
mass eigenstates ν1, ν2, and ν3. It is known that ∆m2

13 ≈ ∆m2
23 " ∆m2

12

since solar and atmospheric neutrino oscillations are described by two
very different mass differences. From the solar neutrino data allowing for
the MSW effect (see Section 11.4.4), we can determine that ∆m2

12 > 0.
However, we do not currently know the hierarchy of the masses m2 and
m3; i.e. is ∆m2

23 < 0?
The three-flavour PMNS matrix (eqn 11.1)

U =




Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



 (11.41)

can be expressed in terms of the mixing angles as

U =




c12c13 c13s12 s13e−iδ

−c23s12 − c12s13s23eiδ c12c23 − s12s13s23eiδ c13s23

s23s12 − c12c23s13eiδ −c12s23 − c23s12s13eiδ c13c23





(11.42)

where cij ≡ cos θij and sij ≡ sin θij . The mixing angles θij can be
thought of as representing rotations around a third, k, axis. For example,
θ13 represents a rotation around the ‘2’ axis.2626This representation of the PMNS

matrix is identical with the represen-
tation of the CKM matrix of quark
mixing discussed in Section 10.6. Of
course the angles have entirely different
physical meanings.

The matrix can also be
written as follows to make the three separate rotations more apparent:

U =




1 0 0
0 c23 s23

0 −s23 c23








c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13








c12 s12 0
−s12 c12 0

0 0 1





(11.43)

It can be seen from eqn 11.42 that the phase δ must be non-zero for CP
violation to occur. It can also be shown that all the angles, including
θ13, must be non-zero for CP violation to occur.

The three-flavour oscillation probabilities for neutrinos and antineut-
rinos can be written in terms of the mixing angles by substituting the
Uαi of eqn 11.42 into eqn 11.38 or 11.39, respectively, for N = 3. Since
the resulting expressions are rather long, they will not be given here. An
important result, however, is that the dependence of the oscillation prob-
abilities on L/E falls into three different regimes. If ∆m2

13L/E % 1, no

UPMNS

Neutrino oscillations

6

• Three neutrino mixing:

Oscillation probability

Neutrino mass spectrum

θ23 θ12

Atmospheric + LBL acc. SBL reactors + LBL acc. Solar + LBL reactors
Inverted Ordering

θ23 ≈ 45º
Maximal?

θ12 ≈ 33ºθ13 ≈ 9º
δCP ?

|∆m231| ≈ 2.5 x 10-3 eV2     Sign?
∆m221 ≈ 7.5 x 10-5 eV2Current precision oscillation parameters ~6-20 %

Solar + atmospheric + LBL reactor + LBL accelerator

Normal Ordering

29/01/2026 Inés Gil-Botella | DUNE

Next generations of neutrino experiments have to:
• improve the precision of PMNS parameters
• determine the neutrino mass ordering
• determine if CP is violated in neutrino oscillations

• test the consistency of the three flavor unitary 
mixing model -> overconstrain the model

• characterize the new Physics or put stringent 
limits on it

In PMNS mixing angles are large, 
observable CP violation can be large.
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Search for CP violation: T2K and NOvA experiments

Chris Marshall - Fermilab colloquium16

Existing data: T2K and NOvA

● Matter effect and CP violation both increase either νe or νe appearance 

and suppress the other

● Product of sin2θ13sin22θ23 effects νe and νe appearance in the same way

● Narrow-band experiments like T2K and NOvA functionally just count νe 

and νe events

Nature | Vol 646 | 23 October 2025 | 819

detector response (for example, energy reconstruction and event selec-
tion efficiencies).

Two such experiments are in operation today, T2K and NOvA. Each 
experiment uses a narrow-band off-axis beam23,24, whose peak energy 

is near the first oscillation maximum, 





sin ≈ 1

m L

E
2 ∆

4
32
2

, at the far detec-

tor. Note that natural units, where ħ = c = 1, are used throughout. T2K 
uses an approximately 0.6 GeV neutrino beam from J-PARC in Tokai, 
Japan, and the 50-kt Super-Kamiokande water Cherenkov detector for 
its far detector located 295 km away25. In the United States, an approx-
imately 2 GeV beam of NOvA is produced at Fermilab near Chicago, 
and the 14-kt tracking calorimeter far detector is located 810 km away 
in northern Minnesota26. Further details on the designs of NOvA and 
T2K and on long-baseline experiments can be found in the Methods 
and refs. 25–27.

We report here a combined analysis of the datasets from T2K and 
NOvA previously analysed independently in refs. 13,14. This combina-
tion takes advantage of marked complementarity in the sensitivities 
of the two experiments to the oscillation parameters. In particular, 

the νµ → νe oscillation probability is a function of (among other things) 
both δCP and the neutrino mass ordering, and these two effects must 
be teased apart.

Figure 1 shows the complementarity between the experiments in a 
simplified case. Sets of oval curves indicate the energy-integrated total 
νe and νe event counts expected in the far detectors under various mass 
ordering and δCP scenarios, with other oscillation parameters held 
fixed. The measured event counts in NOvA and T2K are shown as black 
points with error bars.

As shown in Fig. 1a, there is stronger separation between the mass 
ordering ovals for NOvA, because of higher beam energies, but as the 
NOvA data lie near the overlap of the ellipses, there can be ambiguity 
as to which ordering is correct and (in a correlated way) which values 
of δCP are preferred. By contrast, T2K has less sensitivity to the mass 
ordering, but points with similar values of δCP in each hierarchy sit close 
to one another, and the data lie closest to δ = − π

CP 2 , regardless of mass 
ordering. Combining these datasets can provide simultaneous mass 
ordering and δCP information with substantially less ambiguity, maxi-
mizing the use of current data and informing data-taking strategies 
for current and future experiments.

This discussion points to a more general observation that the oscilla-
tion parameters of interest represent a highly correlated multidimen-
sional space. The analysis reported here calculates a joint Bayesian 
posterior, using the likelihoods of the experiments defined over the 
full parameter space. Moreover, we use the full suite of analysis tools 
from both experiments: detector response models, neutrino energy 
estimators, near-detector measurements and systematic uncertain-
ties, all within a unified framework for statistical inference. This level 
of integration is the first for accelerator neutrino experiments, to our 
knowledge.

The posterior calculation is based on detailed parameterized mod-
els of the neutrino flux, cross-sections and detectors that predict the 
binned spectra of neutrino events in each of our selected samples as a 
function of the oscillation parameters and a large number of nuisance 
parameters mostly related to systematic uncertainties in the models. 
A likelihood is constructed from Poisson probability terms describing 
the compatibility between the prediction and the observed data in 
bins of relevant variables. Prior probabilities are set on all parameters 
as detailed in the Methods.

Both T2K and NOvA have software that explores the posterior using 
Markov chain Monte Carlo (MCMC) methods28,29 (ARIA for NOvA30 and 
MaCh3 for T2K31). By containerizing32 the likelihood and prior portions 
of the code, we can construct and analyse the joint posterior using 
either of the original MCMC frameworks, in spite of the very different 
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Fig. 1 | The impact of mass ordering and δCP on event rates. a,b, A bi-event plot 
that shows experimental sensitivity to neutrino mass ordering and δCP, with 
panels representing the NOvA (a) and T2K (b) cases. Black points with 1σ Poisson 
statistical error bars show the total number of νe and νe candidates selected in 
the far detectors. The oval parametric curves trace out predicted numbers of 
events under the normal (blue) or inverted (orange) mass ordering assumption 
as the parameter δCP varies from −π to π. Four specific δCP values are labelled for 
reference. All other oscillation parameters are kept fixed in this graphic, set to 
their most probable values from the joint analysis (Extended Data Table 3).
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Fig. 2 | Experimental measurements of ∆m3322
22 . The measurements assume 

the inverted ordering preferred by this analysis. Sources for the results from 
top to bottom, starting with the second line, are as follows: refs. 13,14,43–49. The 
normal ordering case is available in Extended Data Fig. 9.
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tion parameters of interest represent a highly correlated multidimen-
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posterior, using the likelihoods of the experiments defined over the 
full parameter space. Moreover, we use the full suite of analysis tools 
from both experiments: detector response models, neutrino energy 
estimators, near-detector measurements and systematic uncertain-
ties, all within a unified framework for statistical inference. This level 
of integration is the first for accelerator neutrino experiments, to our 
knowledge.
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els of the neutrino flux, cross-sections and detectors that predict the 
binned spectra of neutrino events in each of our selected samples as a 
function of the oscillation parameters and a large number of nuisance 
parameters mostly related to systematic uncertainties in the models. 
A likelihood is constructed from Poisson probability terms describing 
the compatibility between the prediction and the observed data in 
bins of relevant variables. Prior probabilities are set on all parameters 
as detailed in the Methods.
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T2K NOvA

Measure the difference between the probabilities of a transition and its CP-conjugate
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Hyper-Kamiokande experiment 

Chris Marshall - Fermilab colloquium18

Hyper-K will start operations in 
2028 and search for CPV

● Hyper-K will reuse the 
(upgraded) T2K beamline

● Same detector technology, but 
much larger

● Similar off-axis location → very, 
very, very high statistics 
measurements of νe appearance

● Hyper-K is an excellent 
experiment for CP violation in 
the three-flavor framework, 
provided the mass ordering is 
known

Hyper-K will start operations in 2028 and search for CP violation 

(FV =188 kton ~ T2K x 8) 

27
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Hyper-Kamiokande search for CP violation

Chris Marshall - Fermilab colloquium19

Hyper-K’s bi-event plot is identical 
to T2K, with smaller error

● Really good at 
distinguishing CP 
conserving vs. CP 
violating values 
provided MO is 
known

● Degeneracy 
between MO and 
δCP, and between 

different values of 
δCP with same 

sin(δCP)

Hyper-K’s bi-event plot is identical to T2K, with smaller error 

28

Expectations from MC simulation
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The Deep Underground Neutrino Experiment

29/01/2026 Inés Gil-Botella | DUNE13

The most powerful neutrino beam in the world (>2 MW) will be sent from Fermilab 
(Chicago) to SURF (South Dakota) along 1300 km distance to be detected by four liquid 
argon far detector modules (70 kton LAr) at 1.5 km deep underground and a near 
detector complex at 560 m from the neutrino source

DUNE TDR Volumes: JINST 15 (2020) 08, T08008, T08009, T08010, arXiv:2002.03005, JINST 19 (2024) 08, T08004
ND CDR Instruments 5 (2021) 4, 31

NEAR 
DETECTOR

FAR 
DETECTOR

DUNE - The Deep Underground Neutrino Experiment
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DUNE: completely measure 3-flavor 
picture + search for new physics

● DUNE has a very different design 
philosophy from Hyper-K: measure 
oscillations over >1 full period, long 
baseline → parameters are not 
degenerate, measure everything in 
one experiment

● DUNE is a multi-purpose experiment, 
more like a collider detector than 
previous neutrino experiments that 
were largely designed to measure a 
single parameter

● This has many advantages

● More robust to parameter 
degeneracies

● Better long-term precision

● More robust to unexpected results

● Much better sensitivity to new 
physics in neutrino oscillations

DUNE - The Deep Underground Neutrino Experiment
DUNE: completely measure 3-flavor picture + search for new physics
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DUNE measures neutrino energy spectra

Chris Marshall - Rochester colloquium39

DUNE can make a different bi-event 
plot in each energy bin

● As an illustration, divide the 
sample into three energy bins

● Asymmetry due to mass 
ordering is small at low energy

DUNE can make a different bi-event plot in each energy bin 
Expectations from MC simulation
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DUNE can make a different bi-event 
plot in each energy bin

● In the oscillation maximum, we 
see the largest separation 
between the mass orderings

● But ellipses flatten – cannot 
resolve degeneracies with peak 
region alone

32

DUNE measures neutrino energy spectra

DUNE can make a different bi-event plot in each energy bin 
Expectations from MC simulation
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DUNE can make a different bi-event 
plot in each energy bin

● At low L/E, shape of ellipse 
changes, and degeneracies 
disappear

● Demonstrates power of DUNE’s 
wideband spectrum → broad 
L/E range is essential to 
resolving all parameters at once

33

DUNE measures neutrino energy spectra

DUNE can make a different bi-event plot in each energy bin 
Expectations from MC simulation
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DUNE is sensitive to new physics in neutrino oscillations

Chris Marshall - Rochester colloquium42

DUNE is sensitive to new physics in 
neutrino oscillations

● DUNE can measure oscillation parameters at each bin of L/E

● If 3-flavor PMNS picture is correct, data should prefer the 
same point in every bin

● It is likely that new physics would distort the result as a 
function of L/E → DUNE has qualitatively unique sensitivity

Expectations from MC simulation
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DUNE is sensitive to new physics in neutrino oscillations

With a very long exposure DUNE is sensitive to small deviations 

Chris Marshall - Rochester colloquium43

With a very long exposure DUNE is 
sensitive to small deviations

● Shown is 1000 kt-MW-yrs, which requires upgraded 
beam to achieve on a reasonable timescale

● DUNE can make extremely precise measurements 
of δCP, and becomes sensitive to even small 

deviations from three-flavor mixing

Expectations from MC simulation
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Mass ordering determination
Mass ordering

29/01/2026 Inés Gil-Botella | DUNE19

• DUNE is the only experiment that measures the mass ordering by separately 
measuring νμ→νe and νμ→νe oscillations

• Existing Super-K atmospheric 
data (weakly) prefers normal 
ordering and lower octant

• In this scenario, atmospheric 
experiments do not reach 5σ for 
mass ordering discovery

• Despite starting later, DUNE is 
the only experiment to reach 
>5σ, even in the most pessimistic 
case 

_ _
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T and CPT symmetries
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CPT theorem

CPT theorem :
                         

Exact CPT invariance holds for any quantum field theory (like the Standard Model) 
formulated on flat space-time which assumes:
(1) Lorentz invariance  (2) Locality (3) Unitarity (i.e. conservation of probability).
Testing the validity of the CPT symmetry probes the most fundamental assumptions 
of our present understanding of particles and their interactions.

The three discrete symmetries of QM, C (charge conjugation: q à -q),  
P (parity: x à -x), and  T (time reversal: t à -t) are known to be violated in nature 
both singly and in pairs. Only CPT appears to be an exact symmetry of nature.
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J. Schwinger
   (1951) G. Lüders

   (1954)

R. Jost
 (1957)

W. Pauli
 (1952) J. Bell

(1955)

1 3 4

Quantum Field Theory

Charges and symmetries

Apart from the electric charge, particle physicists have be-
come familiar with many different charges, including „fla-
vor“ and „color“ of leptons and quarks. The traditional un-
derstanding of charge quantum numbers as characteristic 
eigenvalues in representations of internal symmetry groups 
involves unobservable entities. An intrinsic characterization 
in terms of observable data has confirmed this picture, but it 
has also revealed its limitations, e.g. in the presence of long-
range forces. Especially in model theories in less than three 
space dimensions, the association of charges with symmetry 
groups cannot be maintained, and a world of new types of 
„quantum charges“ has been discovered, including the fasci-
nating theory of generalized symmetries, which occur in real 
physics in the guise of critical behavior of statistical systems 
confined to surfaces. 

Particles

The fundamental observables in relativistic quantum physics  
are neutral fields. Particles arise as excitations in certain sta-
tes in which these fields can be measured. As such they may 
possess properties depending on the state. For instance, their 
mass can be temperature dependent, if it can be sharply defi-
ned at all. Defining the mass of a particle in interaction is not 
an easy task. In scattering theory, one can wait until the par-
ticle is far away from all other particles, and hence its mass 
can be defined as for non-interacting particles. This is clearly 
not possible if the particle is confined, as for quarks, or if it 
cannot be separated from a surrounding „photon cloud“ due 
to its electric charge and the long-range nature of the elec-
tromagnetic interaction, or if it moves in a thermal environ-
ment. The conceptual problems with the notion of „particle“ 
were attacked in Göttingen, and led to several new analytic 
tools allowing to compute their properties. 

Gerhart Lüders Hans-Jürgen Borchers Detlev Buchholz

, " 3 - � ) & / / * / ( � 3 & ) 3 & / � � � * / 4 5 * 5 6 5 & � ' 0 3 � 5 ) & 0 3 & 5 * $ " - � 1 ) : 4 * $ 4 � � � " 4 5 3 0 1 ) : 4 * $ 4 � " / % � & - & . & / 5" 3 : � 1" 3 5 * $ - & � 1 ) : 4 * $ 4

Quantum field theory (QFT) is the „language“ describing the fundamental physics in the relativistic mi-

crocosmos, notably the elementary particles. In a continuous endeavor, the quantum field theory group 

in Göttingen (previously led by Max Planck medalists Gerhart Lüders, Hans-Jürgen Borchers, and Detlev 

Buchholz) pursues a mathematical approach in which the strong internal constraints imposed by the 

interplay between the principles of relativity, Einstein causality, and the stability of quantum systems are 

explored. It turns out that notions like „particle“, „charge“, and their fundamental interactions are far 

more subtle in QFT than in the more familiar setting of quantum mechanics. A careful analysis of these 

structures leads to insights that bear fruit in many applications.
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No predictive theory incorporating CPT violation => only phenomenological models 
to be constrained by experiments.

Consequences of CPT symmetry: equality of masses, lifetimes, |q| and |µ| 
of a particle and its anti-particle.

Neutral meson systems offer unique possibilities to test CPT invariance; 

e.g. taking as figure of merit the fractional difference between the masses of 
a particle and its anti-particle:

181000
-<- KKK mmm

1410 00
-<- BBB mmm

810 -<- ppp mmm

neutral K system

neutral B system

proton- anti-proton

CPT symmetry tests

39

Extension of CPT theorem to a theory of quantum gravity far from obvious.
(e.g. CPT violation appears in several QG models)

Other interesting CPT tests: e.g. the study of anti-hydrogen atoms, etc.. 
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No predictive theory incorporating CPT violation => only phenomenological models 
to be constrained by experiments.

Consequences of CPT symmetry: equality of masses, lifetimes, |q| and |µ| 
of a particle and its anti-particle.

Neutral meson systems offer unique possibilities to test CPT invariance; 

e.g. taking as figure of merit the fractional difference between the masses of 
a particle and its anti-particle:

181000
-<- KKK mmm

1410 00
-<- BBB mmm

810 -<- ppp mmm

neutral K system

neutral B system

proton- anti-proton

CPT symmetry tests
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Extension of CPT theorem to a theory of quantum gravity far from obvious.
(e.g. CPT violation appears in several QG models)

Other interesting CPT tests: e.g. the study of anti-hydrogen atoms, etc.. 
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•The transformation of a system corresponding to the inversion of the time 
coordinate, the formal substitution t → −t, is usually called ‘time reversal’, but a 
more appropriate name would actually be motion reversal.

•Exchange of in <-> out states and reversal of all momenta and spins tests time 
reversal, i.e. the symmetry of the responsible dynamics for the observed process 
under time reversal t → −t  (transformation implemented in QM by an antiunitary 
operator)

•Similarly for CPT tests: the exchange of in <-> out states etc.. is required.

Time Reversal - T 

41
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• The in<->out states inversion required in a DIRECT test of T or CPT 
can be performed exploiting the properties of the quantum entanglement.

• In maximally entangled systems the complete knowledge of the system as a 
whole is encoded in the state, no information on single subsystems is 
available.

• Once a measurement is performed on one subsystem, then the information 
is immediately transferred to its partner, which is prepared in the orthogonal 
state

• At the DAFNE f-factory in Frascati: 
s(e+e- -> f ) ~3 mb;   W = mf = 1019.4 MeV; BR(f -> K0K0) ~34%; ~106/pb-1 
KK pairs produced in max. entangled quantum state with JPC = 1--  :

Quantum entanglement as a tool for T and CPT tests

  

€ 

i =
1
2

K 0  p ( ) K 0 −  p ( ) − K 0  p ( ) K 0 −
 p ( )[ ]

=
N
2

KS
 p ( ) KL −

 p ( ) − KL
 p ( ) KS −

 p ( )[ ]

€ 

N = 1+ εS
2( ) 1+ εL

2( ) 1−εSεL( ) ≅1
KL,S

KS,L
e-e+ f

pK = 110 MeV/c     
lS = 6 mm     lL = 3.5 m

KLOE/KLOE-2 experiment 
at DAFNE
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f

t1

3p0
K0

p+l-n

t1

K0

Dt=t2-t1

K-

€ 

K 0 →K−
reference process
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T, CPT, CP tests in transitions

* (K+ and K- are CP eigenstates not to be confused with charged kaons K+ and K- )
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f

t1

3p0
K0

p+l-n

t1

K0

Dt=t2-t1

K-

€ 

K 0 →K−
reference process

T-conjugated process

44

f

t1

p-l+n
K+

pp

t1

K-

Dt=t2-t1

K0

T test in transitions

K− → K 0

* (K+ and K- are CP eigenstates not to be confused with charged kaons K+ and K- )
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f

t1

p-l+n
K+

pp

t1

K-

Dt=t2-t1

K0

T test in transitions

K− → K 0

* (K+ and K- are CP eigenstates not to be confused with charged kaons K+ and K- )

Any deviation from 
R2=1 constitutes a 
violation of T-symmetry
NPB 868 (2013) 102
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f

t1

p+l-n
K+

pp

t1

K-

Dt=t2-t1

K0

CPT test in transitions

* (K+ and K- are CP eigenstates not to be confused with charged kaons K+ and K- )

of the pair is totally antisymmetric and can be written in terms of any pair of orthogonal
states, e.g. K0 and K̄0, or K+ and K�, as:

|ii =
1
p
2
{|K0

i|K̄0
i � |K̄0

i|K0
i} =

1
p
2
{|K+i|K�i � |K�i|K+i} . (3.1)

Thus, exploiting the perfect anticorrelation of the state implied by eq. (3.1), which remains
unaltered until one of the two kaons decays, it is possible to have a “flavor-tag”or a “CP-tag”,
i.e. to infer the flavor (K0 or K̄0) or the CP (K+ or K�) state of the still alive kaon by
observing a specific flavor decay1 (`� or `+) or CP decay (⇡⇡ or 3⇡0) of the other (and
first decaying) kaon in the pair. For instance, the transition K0

! K+ and its associated
probability P

⇥
K0(0) ! K+(�t)

⇤
corresponds to the observation of a `� decay at a proper

time t1 of the opposite K̄0 and a ⇡⇡ decay at a later proper time t2 = t1+�t, with �t > 0.
In other words, the `� decay of a kaon on one side prepares, in the quantum mechanical
sense, the opposite (if undecayed) kaon in the state |K0

i at a starting time t = 0. The |K0
i

state freely evolves in time until its ⇡⇡ decay filters it in the state |K+i at a time t = �t.
In this way one can experimentally access all the four reference transitions listed in

Table 1, and their T , CP and CPT conjugated transitions. It can be easily checked that
the three conjugated transitions correspond to different categories of events; therefore the
comparisons between reference vs conjugated transitions correspond to independent T , CP
and CPT tests.

Reference T -conjug. CP-conjug. CPT -conjug.
K0

! K+ K+ ! K0 K̄0
! K+ K+ ! K̄0

K0
! K� K� ! K0 K̄0

! K� K� ! K̄0

K̄0
! K+ K+ ! K̄0 K0

! K+ K+ ! K0

K̄0
! K� K� ! K̄0 K0

! K� K� ! K0

Table 1. Scheme of possible reference transitions and their associated T , CP or CPT conjugated
processes accessible at a �-factory.

For the CPT symmetry test one can define the following ratios of probabilities:

R1,CPT (�t) = P
⇥
K+(0) ! K̄0(�t)

⇤
/P

⇥
K0(0) ! K+(�t)

⇤

R2,CPT (�t) = P
⇥
K0(0) ! K�(�t)

⇤
/P

⇥
K�(0) ! K̄0(�t)

⇤

R3,CPT (�t) = P
⇥
K+(0) ! K0(�t)

⇤
/P

⇥
K̄0(0) ! K+(�t)

⇤

R4,CPT (�t) = P
⇥
K̄0(0) ! K�(�t)

⇤
/P

⇥
K�(0) ! K0(�t)

⇤
. (3.2)

The measurement of any deviation from the prediction Ri,CPT (�t) = 1 imposed by CPT

invariance is a signal of CPT violation.
It is worth noting that for �t = 0:

R1,CPT (0) = R2,CPT (0) = R3,CPT (0) = R4,CPT (0) = 1 (3.3)
1In the following the semileptonic decays ⇡+`�⌫ or ⇡�`+⌫̄ are denoted as `� and `+, respectively.

– 4 –

Any deviation from 
R2,CPT=1 constitutes a 
violation of CPT-symmetry
JHEP 10 (2015) 139
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K-
f

t1 t1 Dt=t2-t1

K0

CP test in transitions

€ 

K 0
→K−

3p0
K0

p-l+n

* (K+ and K- are CP eigenstates not to be confused with charged kaons K+ and K- )
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are also of maximal relevance. The breaking of Parity – P, Charge 
Conjugation – C, and the combined CP symmetries has oriented 
the understanding of the electroweak and flavour sectors of par-
ticle physics. Whereas P, C and CP are implemented by unitary 
operators, Time Reversal – T and CPT transformations are antiuni-
tary [1]. This fact implies that, besides the transformation of initial 
and final states in a given process, the two states have to be ex-
changed for a genuine direct test of the symmetry. For unstable 
particles this requirement, being the decay irreversible for all prac-
tical purposes, seems to lead to a no-go argument [2,3]. The latter 
can be bypassed considering that the reversal-in-time does not in-
clude the decay products, but only the motion-reversal before the 
decay, the decay being instrumental for tagging the initial meson 
state and filtering the final state [4,5]. This is made possible by ex-
ploiting the maximal entanglement of meson–antimeson pairs, as 
B0B

0
produced at B-factories, or K0K0 produced at φ-factories. This 

conceptual basis for the search of Time Reversal Violation (TRV) ef-
fects was immediately recognised [2] as being a genuine test. The 
methodology for the entire procedure was developed in Ref. [6]
for the B0-system, yielding the first direct observation of TRV by 
the BABAR Collaboration [7] (additional information can be found 
in Refs. [8,9]). For the K-system, the methodology for the test in 
transitions involving meson decays into specific flavour or CP final 
states was described in Refs. [10,11].

For the K0 − K0 system, the CPLEAR Collaboration obtained a 
4σ evidence of the asymmetry between the process K0 → K0 and 
its inverse K0 → K0 [12]. However, its interpretation in terms of a 
genuine TRV effect is controversial, raising some issues [2,3,13] re-
lated to the decay as essential ingredient. In fact, an initial state 
absorptive interaction between K0 and K0 is needed to generate 
the TRV effect in this case, leading to an asymmetry constant in 
time, due to the non-orthogonality of KL and KS. Moreover, for the 
K0 → K0 transition its CPT transformed is the identity, not distin-
guishing T and CP conjugate transitions, even if CPT is violated. 
The related CPT test performed by CPLEAR is based on the com-
parison of the K0 → K0 and K0 → K0 processes, i.e. the K0 and K0

survival probabilities [14].
In this letter we present the results of the first direct T, CP, CPT

tests performed in the K0 − K0 system, obtained analysing the data 
collected by the KLOE experiment at the DA#NE φ-factory, and 
according to the methodology described in Refs. [10,11]. The tran-
sitions involved are those between the states tagged and filtered by 
the CP and flavour eigenstate decay products. In different combina-
tions, they allow to build direct, genuine and separate observables 
for T, CP and CPT asymmetries. In particular, the test based on the 
measurement of a double CPT ratio is very clean, free from approx-
imations and model independent, and constitutes an excellent tool 
to advance the search for CPT violation. In fact, CPT invariance has 
a very solid theoretical justification in the CPT theorem [15–18], 
valid for quantum field theories satisfying Lorentz invariance, local 
interaction and unitarity, and an unambiguous observation of its 
violation would have grave consequences for our understanding of 
particle physics. Probing CPT in transitions selects a different sen-
sitivity to violating effects with respect to the test [14] based on 
survival probabilities for K0 and K0 involving diagonal terms of the 
Hamiltonian.

2. Transition probabilities and double decay intensities

In order to implement the T, CP and CPT tests, the entangle-
ment of neutral kaons produced at DA#NE (see recent experimen-
tal [19] and theoretical studies [20] on this subject) is exploited. 
In fact, in this case the initial state of the neutral kaon pair pro-
duced in φ → K0K0 decay can be rewritten in terms of any pair of 
orthogonal states |K+〉 and |K−〉 as:

|i〉 = 1√
2
{|K0〉|K0〉 − |K0〉|K0〉} = 1√

2
{|K+〉|K−〉 − |K−〉|K+〉} . (1)

In order to formulate the test, it is necessary to precisely define 
the different states involved as in and out states in the consid-
ered transition process. First, let us consider the states |K−〉, |K+〉
defined as follows: |K−〉, |K+〉 are the states tagged by the obser-
vation of the partner decay into the CP = +, − eigenstate decay 
products π+π− (or equivalently π0π0) and 3π0,1 respectively. 
They are explicitly identified as the states not decaying to these 
channels:

|K−〉 ∝ |KL〉 − η+−|KS〉
|K+〉 ∝ |KS〉 − η000|KL〉 , (2)

with η+− = 〈π+π−|T |KL〉/〈π+π−|T |KS〉 and η000 = 〈3π0|T |KS〉/
〈3π0|T |KL〉. Thus their orthogonal states |K⊥

−〉, |K⊥
+〉 are those fil-

tered by their observed decays. The orthogonality condition |K⊥
∓〉 ≡

|K±〉 corresponds to the assumption of negligible direct CP (and 
CPT) violation contributions, an assumption well satisfied for neu-
tral kaons in general, and fully satisfied for the specific observables 
we are going to discuss in the following [11]. As a second orthog-
onal basis we consider the two flavour eigenstates |K0〉 and |K0〉. 
The validity of the &S = &Q rule is also assumed [21], so that 
these states are identified by the charge of the lepton in semilep-
tonic decays, i.e. a |K0〉 can decay into π−e+ν (or π−µ+ν) and 
not into π+e−ν (or π+µ−ν), and vice versa for a |K0〉.

Thus, exploiting the perfect anticorrelation of the states implied 
by Eq. (1), it is possible to have a “flavour-tag”or a “CP-tag”, i.e. to 
infer the flavour (K0 or K0) or the CP (K+ or K−) state of the 
still alive kaon by observing a specific flavour decay (π−e+ν or 
π+e−ν) or CP decay (π+π− or π0π0π0) of the other (and first 
decaying) kaon in the pair.

In this way one can experimentally access – for instance – the 
transition K0 → K+ , taken as reference, and K+ → K0, K0 → K+
and K+ → K0, i.e. the T, CP and CPT conjugated transitions, respec-
tively. All possible transitions can be divided into four categories of 
events, corresponding to independent T, CP and CPT tests. One can 
directly compare the probabilities for the reference transition and 
the conjugated transition defining the following ratios of probabil-
ities as a function of the evolution time &t of the initial kaon state 
at &t = 0 for the T test:

R1,T(&t) = P
[

K+(0) → K0(&t)
]
/P

[
K0(0) → K+(&t)

]

R2,T(&t) = P
[

K0(0) → K−(&t)
]
/P

[
K−(0) → K0(&t)

]

R3,T(&t) = P
[

K+(0) → K0(&t)
]
/P

[
K0(0) → K+(&t)

]

R4,T(&t) = P
[

K0(0) → K−(&t)
]
/P

[
K−(0) → K0(&t)

]
, (3)

for the CP test:

R1,CP(&t) = P
[

K+(0) → K0(&t)
]
/P

[
K+(0) → K0(&t)

]

R2,CP(&t) = P
[

K0(0) → K−(&t)
]
/P

[
K0(0) → K−(&t)

]

R3,CP(&t) = P
[

K0(0) → K+(&t)
]
/P

[
K0(0) → K+(&t)

]

R4,CP(&t) = P
[

K−(0) → K0(&t)
]
/P

[
K−(0) → K0(&t)

]
, (4)

or for the CPT test:

1 The π+π−π0 final state, even though dominated by the S-wave contribution, 
is not a pure CP = −1 state, and is therefore not appropriate for precision tests of 
discrete symmetries.

2

Any deviation from 
R2,CP=1 constitutes a 
violation of CP-symmetry
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T, CP, CPT tests in neutral kaon transitions at KLOE

Figure 6: Ratios of double decay rates of entangled K0K̄0 pairs as defined in ... for the T-

violation sensitive (left) and CPT-violation sensitive (right) cases. Dashed lines denote levels

obtained with the fit.

Figure 7: Top: Ratio of the rates of (⇡+⇡�)(⇡±e⌥⌫) events with a positron and an electron

sensitive to CP-violation e↵ects. Bottom: Double ratio of CPT-violation sensitive double

kaon decay rates as defined in .... Dashed lines denote levels obtained with the fit.
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KLOE-2 result
PLB 845 (2023) 138164

First T and CPT test in kaon transitions
First CP violation observed in K-→K0 /K0

T/CPT Tests with ; → üôü† → ° djd¢£, dd d¢£

19

TBD

RT
2 = 0.991 ±0.017stat ± 0.014syst ± 0.012D,

RT
4 = 1.015 ±0.018stat ± 0.015syst ± 0.012D,

RCPT
2 = 1.004 ±0.017stat ± 0.014syst ± 0.012D,

RCPT
4 = 1.002 ±0.017stat ± 0.015syst ± 0.012D,

RCP
2 = 0.992 ±0.028stat ± 0.019syst,

RCP
4 = 1.00665 ±0.00093stat ± 0.00089syst,

RT
2 /R

T
4 = 0.979 ±0.028stat ± 0.019syst,

RCPT
2 /RCPT

4 = 1.005 ±0.029stat ± 0.019syst.
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obtained with the fit.

Figure 7: Top: Ratio of the rates of (⇡+⇡�)(⇡±e⌥⌫) events with a positron and an electron

sensitive to CP-violation e↵ects. Bottom: Double ratio of CPT-violation sensitive double

kaon decay rates as defined in .... Dashed lines denote levels obtained with the fit.
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First T and CPT test in kaon transitions

KLOE-2 result (2022)
Paper in preparation

horizontal dashed lines denote expected values:
CPT invariance and TV extrapolated from observed CPV (PDG)

The KLOE-2 Collaboration Physics Letters B 845 (2023) 138164

Fig. 5. Left column: Rates of double kaon decays as a function of !t for the two studied classes of processes and two lepton charge subsamples. Right column: corresponding 
εS E L(!t) efficiencies.

Table 3
Systematic uncertainties on all of the symmetry test observables. In case of R2,CP and R4,CP, each ratio is obtained using 
only one class of events and thus not affected by effects of selection of the other class. The uncertainty of the D factor 
comprises both statistical and systematic errors.

Effect R2,T R4,T R2,CPT R4,CPT D RT,CP D RCPT R2,CP R4,CP
× 10−3 × 10−3 × 10−3 × 10−3 × 10−3 × 10−3 × 10−3 × 10−3

Background model 2.74 4.62 2.79 4.43 4.43 4.41 4.37 –
Efficiency smoothing 2.46 5.31 2.43 5.26 6.70 6.83 6.76 0.17
!t bin width 8.00 5.00 7.50 5.50 9.00 9.00 8.90 0.03
Fit range 7.33 8.88 7.32 8.84 7.95 7.60 7.78 0.41

Effects of cuts in the K1K2 → (πeν)(3π0) selection
K1 vertex location cuts 0.57 2.31 0.58 2.27 2.36 2.41 2.39 –
M(π ,π ) cut 2.48 1.34 2.52 1.31 1.56 1.63 1.60 –
TOF cuts 6.08 5.32 6.19 5.23 6.40 6.58 6.49 –
e/π /µ classification 4.78 4.40 4.85 4.33 9.33 9.59 9.46 –

Effects of cuts in the K1K2 → (π+π−)(πeν) selection
K1 vertex location cuts 0.007 0.004 0.004 0.007 0.004 0.004 – 0.005
M(π ,π ) and |$p| cuts 2.14 1.68 1.67 2.17 0.70 0.72 – 0.74
m2

+ + m2
− cut 1.48 1.32 1.31 1.49 0.20 0.21 – 0.21

TOF cuts 2.14 1.68 1.67 2.17 0.70 0.72 – 0.74

Total systematic uncertainty 14 15 14 15 19 19 19 0.89
D factor total uncertainty 12 12 12 12 – – – –

R2,T = 0.991 ± 0.017stat ± 0.014syst ± 0.012D , (26)

R4,T = 1.015 ± 0.018stat ± 0.015syst ± 0.012D , (27)

R2,CPT = 1.004 ± 0.017stat ± 0.014syst ± 0.012D , (28)

R4,CPT = 1.002 ± 0.017stat ± 0.015syst ± 0.012D , (29)

R2,CP = 0.992 ± 0.028stat ± 0.019syst , (30)

R4,CP = 1.00665 ± 0.00093stat ± 0.00089syst , (31)

D RT,CP = R2,T/R4,T = 0.979 ± 0.028stat ± 0.019syst , (32)

D RCPT = R2,CPT/R4,CPT = 1.005 ± 0.029stat ± 0.019syst . (33)

A comparison of these results with expected values (assuming 
CPT invariance, the validity of the !S = !Q rule, and T violation 

extrapolated from observed CP violation in the mixing [28]) is pre-
sented in Fig. 10. Each ratio measurement should be regarded as 
an independent symmetry test on its own. However a correlation 
among them is present because the same transitions are used in 
different tests, as can be easily deduced from Eqs. (3), (4), (5).

For the T and CPT single ratios a total relative error of 2.5% is 
reached, while for the double ratios (19) and (20) the total error 
increases to 3.5%, with the advantage of improved sensitivity to 
violation effects, and of independence from the D factor. The mea-
surement of the single ratio R4,CP benefits of highly allowed decay 
rates for the involved channels, reaching an error of 0.13%.

All tests with single ratios assume the validity of the !S = !Q
rule and CPT invariance in semileptonic decay, as specified in 
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Experimental results 

May 2014 40 Phys. Rev. Lett. 109, 211801 (2012) [arXiv:1207.5832] 

Fit result 
T-conserving case 
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  WHAT IS T-TRANSFORMATION EXPERIMENTALLY ? 
The problem is in the preparation and filtering of the appropriate initial 
and final meson states for a T-test 

COVER PAGE RMP vol. 87 (2015) 

T violation observed in neutral B meson transitions

2012 - Observation of T 
violation in B mesons
Babar experiment (SLAC)

Fit result is 14σ from the T 
conserving case

Exploiting entanglement of B meson pairs

!  Observation of T-violation can be seen in the following: 

!  Fit result is 14σ from the T conserving case (assuming
 Gaussian errors). 

Experimental results 

May 2014 42 

T conservation 

CL = 0.317, 4.55×10−2, 2.70×10−3, 6.33×10−5, 5.73×10−7, 1.97×10−9 

-2ΔlnL = 2.3, 6.2, 11.8, 19.3, 28.7, 40.1 
Phys. Rev. Lett. 109, 211801 (2012) [arXiv:1207.5832] 

Result independent from CP tests but consistent
with CPT theorem 
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Conclusions
• Discrete symmetry tests have repeatedly changed our understanding of Nature.
• The discovery of CP violation in neutral kaons paved the way for further theoretical and experimental 

investigations, shaping our understanding of interactions in the Standard Model.
• CP violation discovered also in B, D meson and Lb baryon systems.

• T violation has been unambiguously observed in neutral B mesons.
• The entanglement of neutral K and B meson pairs produced at e+e- collider facilities has been 

demonstrated to be a key ingredient to perform clean and precise tests of T and CPT symmetries in 
these systems.

• Stringent limits an CPT violation have been set in the neutral K, B systems, as well as in several 
other systems.

• Several fundamental questions remain unanswered:
o Why is the Universe made almost entirely of matter?
o Is there additional CP violation beyond the Standard Model?
o Is CPT symmetry exact?
o Could tiny symmetry violations reveal new physics at energy scales beyond direct accelerator 

reach?

• The search for new sources of CP violation continues (e.g. in neutrinos), as well as new T and CPT 
tests, in several physical systems, including the positronium system that recently joined the “club” 
with stringent limits on discrete symmetry violations and featuring entangled photons.


