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1. Introduction CP violation |AP(CP) = P(v, = ve) = P(V, = V)
AP(T) = P(vﬂ - ve) — P(ve — VH)

In the standard N,,=3 framework

In vacuum

AP(CP) = AP(T) = 16 J sin (

AFE3 LY AE31L) , (AE21L)
2 SInN

J: Jarlskog factor = — % sin § sin 265 sin 2613 sin 2653

2/21




U diag(E., By, BE3) U™" + diag(A, 0,0) = U diag(E,, E», E5) U™

P(va — vg) =0as — 4 Y Re(Ua;Us;UsUsi) sin®(AEj; L/ 2)
j<k
+2) " Im(Uay U Uz Ust) sin(AEy, L),

j<k

AP(T) in matter is proportional to the Jarlskog factor J,
so theoretically AP(T) seems advantageous over AP(CP).

AF9 AE3 AE AFEs,L AEs L AFo L
AP(CP) # AP(T) = 16 J —2-—_31—"52 sin( 52 )Sin( ik )Sin( 21 )

2 2 2

AEy AE3; AE3,

J=— %3 sin & sin 2615 sin 2615 sin 2053




From comparison between AP(CP) and AP(T), we may be able to
check consistency of the standard N, =3 framework, e.g.,

confirmation of the Earth's density profile, etc.
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Experimentally, measurements of T violation are challenging

because they require a vV, or V, beam with energy ~O(1) GeV.
Such a possibility may be realized by a neutrino factory.

Vv factory: a very clear distinction between L1~ and u*

V. + v, (right sign muon v, — v,; wrong sign muon v, = v,)

wrong sign muon v, — v,)

H e

or Vg+ Vv, (right sign muonv, - v

ﬂ!

® High energy v factory: E ~0(50) GeV
® NuSTORM (Low energy v factory) E =1-6 GeV — Ken Long’s talk
® UTRISTAN (from muonium — p’ only) E >~0(1) GeV

Due to proposals for these experiments, there has been
a renewed interest in T violation.




uTRISTAN Hamada, Kitano, Matsudo, Takaura, Yoshida, PTEP 2022 (2022) 5, 053B02

Proton acceleration (proton LiINnAC & Rcs) — Pion production (pion production ring)

p(3GeV) p(3GeV) +C —» nt + X uTRISTAN offers only
u* beams, but is

expected to be easier
to build with current

or
\ / nized by lase [t Tev), ut(1Tev)| | technology
Muonium (e ™) formation in silica aerogel

— Ultra-cold muon production —> Muon acceleration (Booster ring) —> Collide (Main ring)
nt = pT +v,  Ultra-cold muon pt(1TeV) (W (1TeV),e™ (30 GeV)]

Proton LINAC (500 MeV)
RCS : 3 GeV x 6.6 LC x 2-bunch x 50 Hz =2 MW

Pion production ring: HTRISTAN Could be
100 nC/n/(AEp=75[MeV](10mm)) .
[MPression y 7_bunch x 40-turns x 50 Hz used to build a Vv
(6.61.C x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW)
Booster ring (up to 1 TeV) faCtory
Target 1 TeV x (7.2nC=>3.6nC)/p x 40 bunch x 50Hz
=9 MW

Takaura@workshop on
gl o [B=5 T "Exploration of Particle

16 turns ~ 700 Physics and Cosmology with
Neutrino®, 7-8 March 2022

30 GeV muon LINAC ~ 3 km

30 GeV muon LINAC ~ 3 km

3 km Main ring 1, =20 ms (2000 turns)
prut 1 TeV, 2.2 nCx 1 TeV,2.2 nC x 20bunch
pre : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch




2. T violation in the framework beyond the standard N, =3

mass
eigenstate

With 3 active and (n-3) sterile neutrinos, generic
non-unitary mixing and the generic matter effect

flavor
eigenstat

Assuming constant density and assuming N can be different at
production (p) and detection (d) in general, the equation of motion can

be solved with a unita




The modified oscillation probability and T violation
> _ d/nrd
P(va = vg) = P(va = vg) {NYN") }aa {NY(N") T} 5
can be expressed as production detection
Pvg — vg) = {NUN?)}gal® =4 Re(XPX07)sin*(AE;;L/2)
J<k
+2) Im(X P X7) sin(AE;, L)

j<k

A A

P(vy, — vg) — P(vg — 1)
= [{NUNP) }gal> = {NUN?) Fagl® + 4 Im(X3X27) sin(AEj, L)

J<k

X8 = (NUW*)5, (NPW*) oy (5 =1,2,--- ,n)




Assuming all the mass squared differences for sterile v
give rapid oscillations, |AEjkL| >1 forj>3ork>3

sin(AEjkL) —+0 forj>3o0rk>3
and approximating NNT ~1, the dominant contribution to energy
dependent T violation comes from the N=3 mass eigenstates:

P(v, = ve) — P(ve = 1v,) ~ P(v, — ve) — P(ve — 1)
~ [N gal? — {NAN) Yagl?

= constant small factor to be absorbed as systematic error of flux

+ 4 Im( Xye)?gei ) sin( AE;, L)

1<j<k<3

small factor ~ [ AEjkz]

standard N,=3
X = (NW*)5, (NP W)y (G=1,2,---,n)




OY, Ent 26
Example 1: Non Standard Interaction of 3 active v

Np_

]‘ —|_ 666 6 66’7'
A=A €opn €Cpup  Eur

% *
66’1’ E/,LT

) AE31 ~ \/(AEgl COS 2013 — ) + (AE31 sin 2013)

—AE 1
AFyn | 1 {AE31 + A F /(AE;3 cos 20,3 — A)? + (AF;; sin 2913)2}
AFE3; 2

Py, = v.) — P(ve = v,,)

16 (AEs)2 . (AEL\ . [(AExL\ . [ AEsyL
~ - — —— S1I S111 S11

x Im [Ue3UZ3 {AElee2U* HA (|Urs|®ecy — UesU€ry — UT3U;3€€T)

Standard contribution oc Amy42/E \ NSI contribution « const.

Precise measurements of the energy spectrum may reveal the NSI effect.




Example 2: Unitarity violation with 3 active v

AE31 ~ \/(AEgl COS 2913 — A)2 + (AE31 sin 2913)2

_AE 1
Ay ~ = {AE31 + AF \/(AE3 cos 20,3 — A)? + (AFEs; sin 2913)2}
AE3 2

P(v, = ve) — Pve — 1) /This form of factorization is a consequence of 3 flavor unitarity.

AE3; . (AEuL\ . (AEnLY . [ AEnL
- sin sin sin
A AE3; cos? 03 2 2 2

X Im Ue3UZ3 { 4A77/~t€ + 2 An Z (nua Ua3 U:3 + Tae U,LL3 U;3) — 2 Ann,ue

sin (AE?’lL) ] \ Energy dependence different from the standard one.

The term outside of the factorization is a consequence of 3 flavor unitarity violation.
Again precise measurements of the energy spectrum may reveal the NSI effect. .




3. Sensitivity of future experiments to T violation

Sensitivity of a v factory to T violation

Sensitivity of uTRISTAN to T violation

Kitano, Sato, Sugama, JHEP 12 (2024) 014

Model-independent test of T invariance by T2HK, DUNE,

Model-independent test of T invariance by T2HK, DUNE

Chatterjee, Patra, Schwetz, Sharma, JHEP 12 (2024) 200

T2HKK, ESSvSB

12/21




® The effect of u polarization in a v factory
Ve

The energy spectrum varies !
with polarization Pu:
)

O &) @)
N S
AN

—
TTTm T 1T (ULLLLUSLRL

d*N(v,) 2z?
d:cdﬂu 7 (3 —2z) F (1 — 2x)P, cos 0]

d*N(v.) 12x2
a9 < 1 (1—z)F (1 —=x)P,cosb|

@F. =0
AP, =1

Charged Current Events (Kiloton™ yr

100 200 0 100 200
Muon Beam Energy (GeV)




agn . . Ota, Sato, Kuno,
® Sensitivity of a v factory to T violation

Extrapolating the data at three different polarizations
P,1, P2, P,3to deduce the data at P, = -1
Data size in unit of 1021 muon decays x 100kt to
exclude T invariance at 90%CL

P,. ={-0.1,0,0.1} P, ={-0.5,0,0.5}

i AN /T




® Sensitivity of UTRISTAN to T violation [l Jer’i2 oz oré
P(Ve— V,) from UTRISTAN with E,, = 1.5 GeV, L=295km
and P(v, — V,) from T2HK

Efficiency of charge identification of u* and U™: C;q4, Polarization: P,

Even if C;4 =0, there is little BG from v

Number of events (£, =1.5 GeV, P,= —1.0)

Pu=-1

u — Vy near E,= 0.6 GeV.

E,=15GeV, P,=0.0

NS
D

[N}
n

N(ve - v,) (6=-1/2)

N(ve - v,) (6=0) = = =—
N(v, - v,) (6=-n/2)

Nv,-v,)(6=0) = =— =—

[N

S
[N
S

~
.

~
B

BG

~
-

N, (/260 kt/year/50 MeV)
S

N, (/260 kt/year/50 MeV)

=
S o
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. . i Kitano, Sato, Sugama,
Correlation of Oy, and 045t Using the quantity JHEP 12 (2024) 014

= Pj(ve — v,)|

uTRISTAN

— Pi(v, — ve)

|T2HK

v2(TV) does not depend strongly on Ciq and P,-

0

50 b7

Contour of 2, P, =—1.0, Ciq = 1.0

0 50 N 150 90N 250 300 350

8test

50 100 150 200 250 300 350

8test

0
0

P,=—1.0, Ciq = 0.0

P,=0.0, Cig = 0.0

50 100 150 200 250 300 350

JOTT T % V.
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® Model-independent test of T invariance by T2HK, DUNE, T2HKK, ESSvSB

Schwetz, Segarra,

Assuming T invariance (— all the matrix elements become real), | o 155 (22) 091801

evaluate the significance to exclude T invariance:

3 2 )"('J/LB
2. ) A2 ke (NP (N)T ], I P2 (NN 17

j=1 j<k

8 data at the same energy are required to determine 3 _ . _ 193
8 parameters for the disappearance (3 = p) and cj (B=(pe), j=1,2,3)

appearance (B = e) channels. AEy, AEs;
— L =0, Lygany (b=1,...,N.); - Ny >3

B = (n, e) at b-th experiments ;¢ jeast 3 baseline lengths all depend on Ev
P(vy — vy; Ly, E) P(vy = v Loy B)lexp disappearance channel

P(vy — ve; Lo, E)|eXP appearance channel

%
0p(Vy — Ve) | 17/21

|theory o

P(v, — ve; Ly, E)|theory B




E, =0.75 GeV, 0.85 GeV and (L=0, 295km, 540km, 1100km, 1300km) and
V. = Ve, V, = V,are used

T2HKK seems to be important for better results.

This method works for 6 = /2, but not for § = - © /2 (inclusion of anti-V
won’t help). It is the price we have to pay for discarding other data.

NO
Schwetz@ NuTs 2022,
IFT Madrid

solid: perfect E resol.
dashed: 10% E-resol.
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® Model-independent test of T invariance by T2HK, DUNE g:ﬁ‘t;ee?zez:;tr;aa

JHEP 12 (2024) 200

AE
Peven(Vu — V67L7E) — (ch> _42 Cj Ck sin ( 9 ) Cj —> Cj (j p— 1, 2, 3)
j=1 i<k

The energy eigenvalues can be approximated by the standard one:
AE31 ~ \/(AEgl COS 2913 — A)2 + (AE31 sin 2813)2

AE32

AR 1
{ fAvE21 } = 9 {AE31 +AF \/(AE31 cos 2013 — A)? + (AE3; sin 2913)2}

— Only 3 unknown parameters are c,, c;, £=c,+C,+C;.
— Only 3 data (ND + 2 baselines) are required to determine them for
the appearance channel only.

€ is the oscillation probability at L=0: c=c1 +cx +c3 = \/P(Vu — Ve; Lnp)
— Only 2 unknown parameters are c,, c;.




By fitting the parameters c,, c;, check if the following quantity is negative:

X1 = Peven(Vy = Ve L) — Peven(Vy — Ves L) = 09 P(vy, — ve; Lvp) 012+ 013 — 023
/\2 112 1t must be satisfied if T 0o = 52 /(5 5 ) 1
= 012(3)" + d13(c3)” + dagcacy invariance is conserved 23/ 1213

> O"—(Tﬁ—(Ym >0 & 513 >0 & 4512513 > 053) I = o 013023 — 2012013

€
: : : _ _ 033 — 4012013
Best choice for this test is L1=295 km, L,=1300km, D 10093 — 2013013

E,=0.86GeV = Mo,

_ NO, [0.80-0.92] GeV
C h atte rj ee, Dashed: w/o wrong sign signal
Patra, I — Eres=00ges 2

SChwetZ, — Ees=0.5%0ges

2
— Eies=0.2%0
Sharma, — . egn .
ignificance is at most less than 3c.
T2HK: (607.75 v + 1823.25 V) kt. Mw.yr

JHEP 12
(2024) 200 DUNE: (840 v + 1680°%) kt Mw.yr —

v mode only has no sensitivity for
o = -m/2.

— anti-v mode must be added to
improve sensitivity for 6 = -nt/2.

Ax% (T2HK+DUNE)




4. Conclusions

® Conceptually, T violation in matter seems attractive because it is

proportional to the Jarlskog factor as in vacuum.
® If we can measure T violation precisely, then we gain information

on physics beyond the standard N,,=3 framework from the energy

spectrum.
® Experimentally, analysis with only T-odd or T-even part may lose

statistics and it will not yield significant conclusions. T violation
plays a role only in the analysis with full data.
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Backup slides
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V factory Geer, Phys.Rev.D 57 (1998) 6989
@] Neutrino Beam
mA golden channel Linac option

Ring option
Muon Decay

- - O0SC - + i
VoV, o Ve DV, DU Ring
755 m

Right sign muon Wrong sign muon

GREE PO O oaid

Phase Rotation

osc Linac to 0.9 GeV 0.9-3.6 GeV RLA
- = + — (Ommp—3)
vll - vll —~H Ve = vll —~H 3.6-12.6 GeV-RLA :)
Right sigh muon Wrong sign muon . <
12.6-25 GeV FFAG

® Large number of events Neutw

® A very clear distinction between y~ and u™* Muon Decay RiNG osassotmsszs
IDS-NF Collaboration, 1112.2853 [hep-eXx]

— Low backgrounds




There seems to be degeneracy in 0, but in terms
of sind, there is no degeneracy. This is because

Kitano, Sato, Sugama, - - - -
JHEP 12 (2024) 014 AP(T) in matter is proportional to sino.

Contour of x4, P, =—-1.0, Ciq = 1.0

100 150 200 250 300 350




E = (0.75 + 10%) GeV

IS

Schwetz@ NuTs 2022,
e IFT Madrid

ESS1rSB

[ Le——

—
T2HKK

Ve Signal Events / 0.1 GeV

0.6 1.0

— 3L (ESS)
E [GeV]

n -==True Prob. — 3L (HKK)
0.8 \

most sensitive energy interval

E, =0.75 GeV, 0.85 GeV and (ND + 4

baselines) and V,, = V¢, v, = V, are
used

e

600 900 1200 1500
L [km]




In general Pycn(Vy, = Ve;2nd max) 2 Poyen(Vy, = Ve; 1st max)
This test works only if

Piotal(Vy = Ves2nd max) < Pygea(V,, = Ve; 1st max)
This happens for v at 0 ~nt /2, and for anti-v ato ~ -1 /2.

Unfortunately, DUNE at L=1300km has a large error in Py, (V,,—*V,).

E, = 0.75 GeV

Peven

Podd
- == solar term

== Ptotal

anti-neutrinos neutrinos Schwetz@ NuTs 2022,
T T T T T T T T T IFT Madrid
—-2000 -1500 -1000 -500 0 500 1000 1500 2000

baseline [km]




Chatterjee, Patra,

Peven(Vu —? Ve; L2) — Peven(V,u —? Ve; Ll) Schwetz, Sharma,
JHEP 12 (2024) 200

= 19 Co(Cco — €) + 013 c3(c3 — €) + 093 CaC3
512 (CQ,)2 + 513 (63,)2 -+ 523 62,63, + (5() 62
N —
>0 iff 015 >0 & 513 >0 & 4612513 > (533

013023 — 2012013 - 012023 — 2012013
035 — 4012013 055 — 4012013

012 + 013 — 023

(50_

635/ (612013) — 4

27121




