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S

mmetries: a suiding principle of fundamental phvsics

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):

. time translations — energy conservation

. spatial translations — momentum conservation

. rotations — angular momentum conservation

invariant not invariant

GO GO

continuous discrete

Discrete symmetries involve
only a finite set of transformations
—there is no "intermediate"

transformation.
They may constrain the

) ) ) symmetry symmetry
form of physical interactions
and determine whether certain @ L
processes are allowed or forbidden.

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




The fundamental discrete symmetries

Transformation under parity (P)
- spatial directions are all inverted:
(X,¥,Z 2 -X,-Y,-2)

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

VP

Transformation under charge conjugation (C)

- all particles are transformed in anti-particles and
viceversa:
(qa S 2 -q, 'S)
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th Test Discrete Sxmmetries?

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 1n neutral B mesons
Present: increasingly precise searches for CP, T and CPT violation.
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CP symmetry
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Where did the antimatter go?

CP symmetry connects
matter and antimatter

positive charge

negative charge
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Where did the antimatter go?

CP symmetry connects
matter and antimatter Dark Energy

Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of

positive charge negative charge 380,000 yrs_ / Ga'axles Planets etc
"‘“"‘qé’g’

O > T ]
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Quant/in
Fluctuatjons

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

matter and antimatter in equal no large-scale structures
amounts after big bang made of antimatter
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CP violation is a key

ingredient to explain the
absence of anti-matter in Quantfim
the Universe Fluctua
(A. Sakharov, 1967)
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The neutral kaon two-level oscillating system in a nutshell

0 <0 K" 174
KO and K° can decay to common final K |‘P> _ a‘KO> N b‘K0>
states due to weak interactions:
strangeness oscillations - d

0 ~. ?m/ i~ (1) = (1)

H is the effective hamiltonian (non-hermitian), decomposed into a Hermitian
part (mass matrix M) and an anti-Hermitian part (i/2 decay matrixI') :

H=M—ir=(mll mlz)_i(nl Ez)
2 m, my) 2\L; L,

Diagonalizing the effective Hamiltonian: eigenstates: physical states
eigenvalues Assuming CP invariance: Ks=K,>nn
5 il“ ) 1 ‘ 0> ‘_O> § Ts~0.9x1010s
s = Mg — 7 1sp K, )= —[K +|K ] Nl K =K,2>nnn
.)L2 YA kS 1. ~51x10%s
—iAg 1 T — (Number of Decays)
‘KS,L(I)> =€ K, (O)> (13P +1 E i3 {'Z}N}__
0 17 0 A\
Tg ~ 90 pS T~ 51 ns ‘K2> = E[‘K > - ‘K >] Proper Time = Zpcy (5e0)
CP = -1 1956 K. Lande, L. Lederman
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Discovery of CP violation

In 1964 Christenson, Cronin, Fitch, Turlay discover K ->2r decays (branching ratio ~ 0.2%) in

a K. beam (Brookhaven) => CP symmetry violation (pure experimental discovery, no theory
prediction)

FLOOR PLAN OF EXPERIMENT

PLAN VIEW

—_—

KLK‘;‘ e — s e
7

57 Ft Oo'o—-——‘i
internal torget
484<m™ <494 Lo
" e
—— DATA: 5211 EVENTS — 1, { o
» —--- MONTE-CARLO CALCULATION o
vEcToR  t= 0.5 Jeco
N
L 20 -4
4500 w
W
4400 494 < m¥*< 504 o &
o
m
4300 =
+ o Z
~200
T 100 504<m*< 514 1o
1 A 1 A 1 1 L ! X , o
300 350 400 450 500 550 600 MeV 0.9996 0.9997 0.9998 0.9999 (.0000
invariant mass cos B

FIG. 3. Angular distribution in three mass ranges
for events with cos# >0.9995.

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



Discoverx of CP violation

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

prediction)

FLOOR PLAN OF EXPERIMENT

PLAN VIEW

—_—

\ =
L_.—__—- i, e e T oy

57 Ft 1o =] _
internal 1orget Helium Bag

o
i o J
/s
t
cintitiator.
Woter
Carenkov

{a)
—— DATA: 52i1 EVENTS
* ---- MONTE-CARLO CALCULATION
vEcToR  t= 0.5 Jeco
1500
{400
1300
<200
f 100
o’ LY
AR 1 A L

]
300 350 400 450 500 550 600 MeV

invariant mass

4549 events

484<m™ <494 Lo

P(L'>i275

494 < m¥< 504

504<m*<514 110

ALy gl

! , ; 0
0.9996 0.9997 0.9998 0.9999 1.0000

cos 8

FIG. 3. Angular distribution in three mass ranges
for events with cos# >0.9995.

A. Di Domenico 6th Jagiellonian Symposium on Advances in Particle Physics and Medicine, Krakow, Poland, 6-10 July 2026 11



Discoverx of CP violation

In 1964 Christenson, Cronin, Fitch, Turlay discover K ->2r decays (branching ratio ~ 0.2%) in

a K. beam (Brookhaven) => CP symmetry violation (pure experimental discovery, no theory
prediction)

FLOOR PLAN OF EXPERIMENT

PLAN VIEW

—_—

KLK‘;‘ e — s e
7

4549 events

57 Ft 1o =]
mtern

ol torget

484<m™ <494 {10
o sty Py
—— DATA: 5211 EVENTS B t 0
» ---- MONTE-CARLD fCALCULATION
VECTOR — = 0.5 B
THE MIRRIR DD NI S€€M T rpe 600 K >2
BE OPERATING PROPERLV. 0 |- T
45
4400 494 < m¥*< 504
4300
~200
y 504<m*<514 110
! 4100
s : ALy gl
36013;’0 460 4_:,0 560 550 560 M.V 0.9996 0.9‘.;9? 0.9&98 0.95399 I.OOOOO
invariant mass cos 8
FIG. 3. Angular distribution in three mass ranges
for events with cos8>0.9995,

A. Di Domenico 6th Jagiellonian Symposium on Advances in Particle Physics and Medicine, Krakow, Poland, 6-10 July 2026 12



Discoverx of CP violation

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

prediction)

FLOOR PLAN OF EXPERIMENT

_

= 7
V. Fitch J. Cronin

PLAN VIEW

—_—

\ =
K K; e -’V“"-’;‘;?;‘";';’ ". Tk Shamner
L_.—__—- s e S R

57 Ft 1o =] _
internal 1orget Helium Bag

{a)
—— DATA: 52i1 EVENTS
* ---- MONTE-CARLO CALCULATION
vEcToR  t= 0.5 Jeco
1500
{400
1300
<200
f 100
o’ LY
AR 1 A L

1
300 350 400 450 500 550 600 MV
invariant mass

4549 events

itator-
Woter
erankov

484<m™ <494 {0

P(L'>i275

494 < m¥< 504

504<m¥*<5i4 110

ALy gl

! , ; 0
0.9996 0.9997 0.9998 0.9999 1.0000

cos 8

FIG. 3. Angular distribution in three mass ranges
for events with cos# >0.9995.

A. Di Domenico

6th Jagiellonian Symposium on Advances in Particle Physics and Medicine, Krakow, Poland, 6-10 July 2026 13



The neutral kaon two-level oscillating system in a nutshell

0 <0 K" 174
KO and K° can decay to common final K |lp> _ a‘KO> N b‘K0>
states due to weak interactions:
strangeness oscillations - d

° S~ 3n/ i~ (1) = H¥(1)

H is the effective hamiltonian (non-hermitian), decomposed into a Hermitian
part (mass matrix M) and an anti-Hermitian part (i/2 decay matrixI') :

i m m (L, L
H=M—_r=( H 12)—_( ! 12)
2 m21 m22 2 I_‘21 I_‘22
Di lizing the effective Hamiltonian:
lagonalizing the efrective Hamiftonian eigenstates: physical states

eigenvalues 1 _
’ i ‘KS,L> = [(1+85,L)‘K0>i(l‘gs,L)‘Koﬂ
Asp =mg; - EFS,L \/2(1 + ‘SS,L‘)
Cihe 1 ] K4 o> are
‘KS,L(I)> =e KS,L (O)> = ‘K1,2> @K2,1>] CP=%1 states
1s~90ps 1 ~51ns \/(1+ ‘SS’LD \1
K, —mmviolates CP <KS ‘KL> =g, +¢, =0| small CP impurity ~2 x 10-3
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The neutral kaon two-level oscillating system in a nutshell

K)o [(1+5SL K%)=(1-¢,, )| K° >]

CP violation: T violation:
8S’L=8i5‘ _H,-H,, =_i%M12_Sr12/2
2(As—A,)  Am+iAT'/2
CPT violation:
_ H,-H, =l(ml?0 _mKO)_(i/z)(rl?o _FKO)
2(As —2A,) 2 Am + iAT/2
* 5 # 0 implies CPT violation Am=m, -m; , AI'=T,-T,

e ¢ # 0 implies T violation
« ¢ # 0 or § # 0 implies CP violation Am =35x10"" GeV

(with a phase convention I, =0) Al'=1, =2Am =7 x 107" GeV
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CP violation found in other processes or systems

2001 - KO meson system: direct CP violation

1
NA48 (CERN) and KTeV (FNAL) experiments T Re(¢ Je) = 3 (1 —|noo/n+—]) = (1.66 +£0.23) x 1073

2001 - B9 meson system: CP violation in interference
between mixing and decay amplitudes —

Exploiting entanglement of BB pairs at collider
Babar (SLAC) and Belle (KEK) experiments

Aalp = afp(D° — KTK™) = agp(D° —» ntn7)
= (-15.74+2.9) x 1074,
oB5(D° = ntrT) = (23.246.1) x 1072,

2019 - D% meson system
LHCb (CERN) experiment g

2025 - A9, baryon system

LHCb (CERN) experiment Ap=(2.45+0.46 £0.10)%

sin2¢, - sin(AmgAt)
L o o

Asymmetry
L o -

1

0
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CP violation found in other processes or systems

2001 - KO meson system: direct CP violation

NA48 (CERN) and KTeV (FNAL) experiments T Re(€' Je) = % (1 —|noo/n+—]) = (1.66 +£0.23) x 1073
2001 - B° meson system: CP violation in interference = f () Combine
betwggn mixing and decay amphtudes - ;\ " <
Exploiting entanglement of BYBP pairs at collider Rl

Babar (SLAC) and Belle (KEK) experiments ;
Aadir — dir <D0 N K-|—K—) . adir <D0 - 7_[_-|-7_[__) 0\ + N

cp="0cp CP

(b) (Co)Ks (&= -1)

2019 - D% meson system

. R
LHCb (CERN) experiment - =(CIBTE29A070 .
aip(D »7trT)=(232461)x 1071 it - y
2025 - A% baryon system 4
LHCb (CERN) experiment Acp =(2.45+0.46 +0.10)% :
(d) Non-CP sample
CP violation discovered so far only in)/ W . —

mesons or baryons (made by quarks),
not in leptons, like electrons or

<22eVic <0.17 MeV/c* <15.5 MeV/c* 80.4 GeV/ic*

0 0 o 1

.

neutrinos 4 ol [ e
ele
nel b

ctron muon tau
utrino neutrino neutrino W boson
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CP violation in the Standard Model

 In the Standard Model, the only source of CP violation in the quark sector is a

single irreducible complex phase & in the Cabibbo—Kobayashi—Maskawa
matrix (CKM matrix).

CKM
d s b
d’ Vud Vus Vub d d
s = Vea Ves Va s|=V]s - "
b’ Via  Vis Vi b b

C12C13 512C13 s13€” "
_ i is t
V = | —812C23 — €12523513€"° C12C23 — S12523513€'°  S23C13

y s
512823 — €12023513€'° —C12523 — $12€23513€"° €23C13 o ,
small mixing angles in CKM

induce small CP violation
« 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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Where did the antimatter go?

CP symmetry connects
matter and antimatter Dark Energy

Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of

positive charge negative charge 380,000 yrs_ / GalaXieS, Planets etc
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CP violation is a key

ingredient to explain the
absence of anti-matter in Quantfim
the Universe Fluctua
(A. Sakharov, 1967)
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matter and antimatter in equal no large-scale structures
amounts after big bang made of antimatter
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Where did the antimatter go?

CP symmetry connects
matter and antimatter

Dark Energy

Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
postiesclamas; i [ negstuechangs 380,000 yrs. / Galaxies, Planets, etc.
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CP violation is a key
ingredient to explain the

absence of anti-matter in Quantfin

the Universe Fluctusisss

(A. Sakharov, 1967)

The observed CP violation istStars

in quarks is too small to Shout3 0 millon yrs:

explain the imbalance Big Bang Expansion

matter-antimatter in the 13.7 billion years

Universe. - :
matter and antimatter in equal no large-scale structures
amounts after big bang made of antimatter
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Neutrinos in the Standard Model

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

Y 0 oo

Pontecorvo

Sov.Phys.JETP
6:429.1957

Sov.Phys. JETP
26:984-988.1968

source detector/v

)
|

A
PG Sekda

Maki,

« We can create neutrinos of one flavor, say v, Nakagawa,
Sakata

* And detect them later as some other flavor, say V.  progtheorphys 25,

870 (1962)
e This is weird...why?

if neutrinos have mass...

a neutrino that is produced as a v,

(e.g. T — ™ vp)

might some time later be observed as a ve
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Neutrino oscillation

source detector/v

: Maki,
Pontecorvo « We can create neutrinos of one flavor, say v, Nakagawa,
ng.Phys.JETP Sakata
st e And detect them later as some other flavor, say Ve g meoenys 26
26:984-988 1968 o _ e
e This is weird...why? .
1998 — SuperKamiokande:
e if neutrinos have mass... Oscillations discovered in atmospheric neutrinos
e a neutrino that is produced as a vy
* (g T —uvy) 0 M rike
240 | P> 0.4 Gev/c
® might some time later be observed as a ve

mT — neutrinos have
° (eg.ven—ep) 120} - a tiny mass

60

-1 -06 -02 02 06 1
cose
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Neutrino oscillations

1\/ \
. 0.8 P(v,) - >
5 B ~ 1/Am*
= 06 2 9
) - .9 . 2(m2 _ml)L
< - — sin“20sin
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o L
m =
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E Isinzze
0

Distance / Energy (L/E)

“Near” and “Far” detectors
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Mixing with three neutrinos

Flavor eigenstates Mass eigenstates
Ve Uel UeZ UeB 4
Vn — U,ul U,u2 U,u,3 V3
Vr UTl U7'2 UT3 Vs
UpMNs
C12€13 C13512
LJPMNS = | —C23512 — C12513S523F C12€C23 — $12513523¢
523812 — C12€23513€ —C12523 — €2351251

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

CKM PMNS
d s b Vi V2 Vs
u | | : v, . =
c @ ’ v. B .
t . v. B -
S13€ @ In PMNS mixing angles are large,
observable CP violation can be large.
C13523
C13€23

Neutrino mass spectrum
- Ve - vu V

T
JON. v, . 2
3 IAmZI
v, I \
2
>
Ams, >0 Am3, <0
v, .
Am%ll

v v, I e
Normal Ordering g Inverted Ordering
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Search for CP violation: T2K and NOvVA experiments

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

2 2
—> — | A
P(v,—>v,)- P(Vi —> Ve) = —165,,0,,5,:¢55,:¢,55In O3 ,{Amlz L} m(%ll]su{ M3 LJ

b . T2K a NOVA

F T2K 3

— —— Normal
r = Inverted
20 |- : 4 pata

i o 40 -
$ 81
o °
he) ks}
i) - c
c [}
ol Mo, =-n/2 ‘:m L
& Adg=0

r A Ogp =1/2

10 - P
L Logp=m 30 —
r NOvA
|- Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘
| . . . \ . . . \ . . . | 60 80 100 120
60 80 100 120 v, candidates

v, candidates

« Matter effect and CP violation both increase either v, or v, appearance
and suppress the other

« Product of sin20,,sin220,, effects v, and v, appearance in the same way

* Narrow-band experiments like T2K and NOVA functionally just count v,
and v, events

A. Di Domenico 6th Jagiellonian Symposium on Advances in Particle Physics and Medicine, Krakow, Poland, 6-10 July 2026 26



Hyper-Kamiokande experiment

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

New intermediate
Hyper-Kamiokande detector (IWCD) J-PARC

h“ [ P—

— Neutrino beam L 44

I
|
L 295km

Hyper-K will reuse the
(upgraded) T2K beamline

Same detector technology, but
much larger (FV =188 kton ~ T2K x 8)

Similar off-axis location - very,
very, very high statistics
measurements of v, appearance

Hyper-K is an excellent
experiment for CP violation in
the three-flavor framework,
provided the mass ordering is
Known
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Hyper-Kamiokande search for CP violation

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

Antineutrino mode e-like candidates

%
t.‘
Y

Sp=T

S¢p = +1/2

8.,=0

Sp=-T2

68% syst err. at best-fit for T2K syst. Ref.[4]
68% syst err. at best-fit for Improved syst.
—o— Best-fit (68% stat err.)

e[ mO

— sin’0,, = 0.45, 0.50, 0.55, 0.60
— Am2,=2.52x10" eV?
- Am2, = -2.49x10” eV?

A. Di Domenico

2500 3000
Neutrino mode e-like candidates

* Really good at

distinguishing CP
conserving vs. CP
violating values
provided MO is
known

Degeneracy
between MO and
dcp, and between

different values of
dcp With same

siN(Ocp)
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DUNE - The Deep Underground Neutrino Experiment

DUNE TDR Volumes: JINST 15 (2020) 08, T0O8008, T08009, T08010, arXiv:2002.03005, JINST 19 (2024) 08, T08004
ND CDR Instruments 5 (2021) 4, 31

Sanford Fermilab
Underground
Research goo miles
Facility (300 kilomete '
S oy Vo=
e et B
o ~; < V- = v\ Voo v
; Viy gAY

____________
_____
s 1=

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
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DUNE - The Deep Underground Neutrino Experiment

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

Neutrinos B, = -w2 0.14-  Antineutrinos Do =-n2

1285 km _ 1285 km
Esce=0 : Normal Ordering Hae, =0

e This has many advantages

Normal Ordering

- More robust to parameter
degeneracies

B oo - Better long-term precision
- More robust to unexpected results

« Much better sensitivity to new

2 S S EOTR ohgee SRR physics in neutrino oscillations
Neutrino Energy (GeV) Neutrino Energy (GeV)
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DUNE measures neutrino energy spectra

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

L DUNE Simulation —NO 3§, =-n/2 PUNE Simulation ® 3cp=0

40

60 80 100 120 140 160 180 200 220 240 260
Selected neutrino-mode v, events

 As an illustration, divide the

> 2
@ $ 110F 200 kt-MW-yrs R
g 120 Selected v events 77 NO 8¢p = m/2 ®  100f — Normal Ordering o 5§:= T
. N — 10 §..=-1t/2 . —— Inverted Ordering s By =2
o C 100 kt-MW-yrs RHC cp © 90 n%0,, = 0.5
5 1w0fo.. 10 8., = m/2 3 0.5 <Reco E, <2.0
o - Stat errors only } NO 6., = n/5 g 80
£ sof - £
§ - 3 60
N c
“
°
2
2
[}
»

Reconstructed E, (GeV)

P — sample into three energy bins
i fee 7Rl e Asymmetry due to mass

i ordering is small at low energy

50

0 1 2 3 4 5 6
Reconstructed E, (GeV)
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DUNE measures neutrino energy spectra

Events per 0.5 GeV

Events per 0.5 GeV

DUNE can make a different bi-event plot in each energy bin
Expectatlons from MC S|mulat|on

[ DUNE Simulation
[ Selected v, events
[ 100 kt-MW-yrs RHC

100T s1at errors only

120

8of

—NO 60P =-7/2
------ NO SCP': /2
—I10 80P =-1/2
------ 10 SCP= /2
t NO 5cp= /5

Reconstructed E, (GeV)

300 - DUNE Simulation — NO 3, =-1/2
[ Selected v, events T NO 8p = m/2
250F 100 kt-MW-yrs FHC — 10 3¢, =-n/2
[ " N - 10 8., = n/2
200F Stat errors only } NO &= n/5
150
100
50
00 =

A. Di Domenico

Reconstructed E, (GeV)

Seleted antineutrino-mode v, events

DUNE Simulatiof 8ep=0 300 DUNE Simulatio =0
110E 200 kt-MW-yrs " Sgp= .,.7[/2 L 200 kt-MW-yrs - Scp = +1/2
100 f —— Normal Ordering o SCP E— Normal Order g o 8 p=T

—— Inverted Ordering P -1:/2 250 —— Inverted Ordering s dgp=-m/2

90 n’6,, = 0.5 sin’6,, = 0.5

0.5 <Reco E, < 2.0 - 2.0< Reco E, <35
80 200~
70 N
60 -

150

. S —— :
40 100

60 80 100 120 140 160 180 200 220 240 260 200

Selected neutrino-mode v, events

e |n the osci

300 400 500 600
Selected neutrino-mode v, events

lation maximum, we

see the largest separation

between the

mass orderings

* But ellipses flatten — cannot

resolve degeneracies with peak

region alone

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

32



DUNE measures neutrino energy spectra

DUNE can make a different bi-event plot in each energy bin
Expectatlons from MC S|mulat|on

2 [ DUNE Simulation — NO 3, =-1/2
g 120 Selected v,events 7 NO 8, = m/2
: [ 10 &., =-m/2
i [ 100 kt-MW-yrs RHC cp
g 100f Staterrorsonly 10 SCP_ /2
a y t NO 8= n/5
t  80f
S n
& C
60—
a0f
20
F M EPEEFE EFEETETE BN B R
% 1 2 3 r 5 6
Reconstructed E, (GeV)
> 3°°FDUNE Simulation ——NO 5, =-n/2
g [ Selected v, events 7 NO 3¢p = /2
S 2L 100 kt-MW-yrs FHC =10 8gp=-n/2
= p DR AR 10 8= /2
% 200k Stat errors only } NO 5p= /5
c .
d>.) L
100 ++ T
50:— 21 ol The ]
: . r+.v - w
0 PR (NS S SN SN SN WO SN S T T TR T N TN T TN TN [T SO Y Y
0 1 2 3 4 5 6

Reconstructed E, (GeV)

Seleted antineutrino-mode v, events

DUNE Simulatio ® 8,=0 300p
110F 200 kt-MW-yrs m Sgp = 4m/2
100 f —— Normal Ordering SCP =T
—— Inverted Ordering 8ep = /2 250
90 n%0,, = 0.5
0.5<RecoE, <2.0
80 200
70
60 150
40 100 N

60 80 100 120 140 160 180 200 220 240 260
Selected neutrino-mode v, events

DUNE Simulatio . 8
[ 200 kt-MW-yrs n Scp = +n/2
[ —— Normal Ordering o Scp=1r
[ — Inverted Ordering 4 O..=-1/2
sin’6,, = 0.5 P

\ 20<RecoE, <3.5

140

120

80

60

[ DUNE Simulatiol ® 3,,=0

[ 200 kt-MW-yrs " 50 = +1t/2
[ — Normal Ordering 0 dep=
[ — Inverted Ordering 4 Sp= 11:/2

sin’6,, = 0.5
3.5« RecoE <6.0

400 500
Selected neutrino-mode v, events

100 120 140 160 180 200 220 240 260 280
Selected neutrino-mode v, events

* 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
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DUNE is sensitive to new physics in neutrino oscillations

Expectations from MC simulation

F DUNE Simulation e 3,,=0 300 DUNE Simulation e 5,,=0 - DUNE Simulation P

- - - cpP
110E 200 kt-MW-yrs S = 412 - 200 kt-MW-yrs N S = /2 140 200 kt-MW-yrs n Sp = +T/2
F —— Normal Ordering O Q=T . —— Normal Ordering O On=T - —— Normal Ordering 0 8p=T
100 i cP ' 250F : ce [ —— Inverted Orderi ol
f —— Inverted Ordering 4 dop=-T/2 [ —— Inverted Ordering & Bop=-m/2 i nverted Ordering 4 Ogp=-1/2
90k sin®0,, = 0.5 sin’0,, = 0.5 120} sin"0,; = 0.5

F 0.5<RecoE, <2.0 C 2.0<RecoE, 6 <3.5 i
80 = 200 N R
70F - 1001 ‘
60F 150 i
- C 8o~
40 _ 100~ ol

30 :TI ) q I q " . " . 1 M I T T T T B 7 T ey TS Ty ST Y Sy TS YT S Y T oYY Sy
100 120 140 160 180 200 220 240 260 280

60 80 100 120 140 160 180 200 220 240 260 200 300 400 500 600 Selected neutrino-mode v. events
Selected neutrino-mode v, events Selected neutrino-mode v, events .

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

Seleted antineutrino-mode v, events

* 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 unigue sensitivity
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DUNE is sensitive to new physics in neutrino oscillations

Expectations from MC simulation
With a very long exposure DUNE is sensitive to small deviations

@ - DUNE Simulation * 80P =0 [ DUNE Simulation * 5CP =0 - DUNE Simulation * Scp =0
& 550F 1000 kt-MW-yrs m Jgp = +1/2 1400 1000 kt-MW-yrs m §op=+n/2 700F 1000 kt-MW-yrs m Jop = +1/2
d>) 500 é —— Normal Ordering fo) SCP =T [ Normal Ordering fo) SCP = [ —— Normal Ordering o SCP =T
= - —— Inverted Ordering A S =-m/2 ' [ —— Inverted Ordering s & =-1/2 [ — Inverted Ordering s O.,=-m/2
E =2 cP 1200 .2 cP o . 2 _ cP
@ 450 sin’0,, = 0.5 - sin®0,, = 0.5 600 sin‘6,, = 0.5
8 F 0.5<RecoE, <2.0 - 2.0<RecoE, <35 C 3.5<RecoE, <6.0
g 400f 1000 |- -
g asof - 500~
S 00k 800~ .
g 2 - a00f-
5 2 'SF‘Q) E \ :
< E - -
T 200 = 300
2 2 a00f .
] S A S PN P B RPN ST S B 500 8001000 7200 1400
@ 400 500 800 1000 1200 1000 1599 2000 2500 3000 Selected neutrino-mode v, events
Selected neutrino-mode v, events Selected neutrino-mode v, events e

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

 DUNE can make extremely precise measurements
of 0.p, and becomes sensitive to even small

deviations from three-flavor mixing
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Mass ordering determination

e DUNE is the only experiment that measures the mass ordering by separately
measuring v,—V, and v,—V, oscillations

6 I I ! ! I I I I 1

Lower octant
Normal ordering /
/ CP: T2

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

(6)]

I

e |n this scenario, atmospheric
experiments do not reach 5o for
mass ordering discovery

Mass Ordering Sensitivity (o)
w

IIII|llllllllllllllllllllllll

2 —— ORCA . . .
/ JUNO e Despite starting later, DUNE is

1F — HyperK the only experiment to reach
= DUNE - T
P | | >50, even in the most pessimistic

2 l 2028 — 2032 — 2036 | | 2040 case
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T and CPT symmetries
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CPT theorem

The three discrete symmetries of QM, C (charge conjugation: q =2 -q),
P (parity: x 2 -x), and T (time reversal: t - -t) are known to be violated in nature
both singly and in pairs. Only CPT appears to be an exact symmetry of nature.

CPT theorem:

J. Schwinger
(1951)

G. Luders
(1954)

W. Pauli
(1952)

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.
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CPT symmetry tests

Extension of CPT theorem to a theory of quantum gravity far from obvious.
(e.g. CPT violation appears in several QG models)
No predictive theory incorporating CPT violation => only phenomenological models
to be constrained by experiments.
Consequences of CPT symmetry: equality of masses, lifetimes, |g| and |u|
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:

neutral K system ‘mKO — M /mK <107"
~14
neutral B system ‘mBo — M /mB <10
roton- anti-proton _ -8
P P ‘mp mp‘/mp<10

Other interesting CPT tests: e.g. the study of anti-hydrogen atoms, etc..
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CPT symmetry tests

Extension of CPT theorem to a theory of quantum gravity far from obvious.
(e.g. CPT violation appears in several QG models)
No predictive theory incorporating CPT violation => only phenomenological models
to be constrained by experiments.
Consequences of CPT symmetry: equality of masses, lifetimes, |g| and |u|
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:
~18

@tral K system ‘mKo — My /mK <D

/ m, <107

neutral B system ‘mBo — My

proton- anti-proton ‘mp _mp‘/mp <10°°

Other interesting CPT tests: e.g. the study of anti-hydrogen atoms, etc..
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Time Reversal - T

*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.
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Quantum entanglement as a tool for T and CPT tests

 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
| - J whole is encoded in the state, no information on single subsystems is
i 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 DA®NE ¢-factory in Frascati:
c(e*e -> ¢ ) ~3 mb; W=m,=1019.4 MeV; BR(¢ -> K°K?) ~34%; ~10°/pb’
KK pairs produced in max. entangled quantum state with JPC = 1- :

A A ) / -
X R DS A
" g~ -
) - /

KLOE/KLOE-2 experiment
at DAONE

i) = [ KPR () - R Bl (-5)]
py = 110 MeVic ] %[‘KS(p)>‘KL(‘I3)> -|&.(B))&s(-B))]

As=6mm A =35m \ N = [+l )1 4le. ) /(1_%)51

A. Di Domenico 6th Jagiellonian Symposium on Advances in Particle Physics and Medicine, Krakow, Poland, 6-10 July 2026 42

e—I—




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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T test in transitions

* (K+ and K_ are CP eigenstates not to be confused with charged kaons K* and K-)
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T test in transitions

K’ =K reference process

K —K° T-conjugated process

Any deviation from

Ry(At) = P[K°(0) — K_(At)] /P [K-(0) — K°(At)] R,=1 constitutes a
violation of T-symmetry
* (K. and K_ are CP eigenstates not to be confused with charged kaons K* and K- ) NPB 868 (2013) 102

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

45



CPT test in transitions

Rocpr(At) = P [K(0) = K_(At)] /P [K_(0) — K°(At)]

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

Any deviation from
R. cpr=1 constitutes a
violation of CPT-symmetry

JHEP 10 (2015) 139
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CP test in transitions

R> cp(At) = P [1(0(0) N K_(At)] /P [KO(O) N K_(At)]

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

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

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

KLOE-2 result

1.06 70O PLB 845 (2023) 138164
T CPT CP - L 1.008
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T violation observed in neutral B meson transitions

Entangled state COVER PAGE RMP vol. 87 (2015) Entangled state

LJ / Ll Exploiting entanglement of B meson pairs
v(as Y(4S
- (:) ~ = Fit result

1\;7 & = = = T-conserving case
>, — 0
t v B T agging & i n

—0 . 2
B —Tagging ﬂ Itis NOT \‘
K

the exchange

t=t
projects = prOJects

B B’

B 4 p B — 4B

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

B, — B%ceKg, (T X)
'HQH'4”I6'H8
At (ps)

& B_ — BY(J/YKr, tX)

Fit result is 140 from the T
conserving case

(ASF,ACE)  (AS7, ACT) /T conservation 'H"{d” + i
0o 2 4 6 8 0 2 4 6 8
0— ' l‘ At (ps) At (pS)
1 SN Result independent from CP tests but consistent
1 ’ Lo 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 A, 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.
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