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MOTIVATION

@ Discovery of non-zero 613 by Daya Bay led to
BOR--mrmrmr e T e independent source of CP violation (current

25 precision: 2.8%)
N?'i ?2 ° JCP =
10 NTTTTTTTTY d A cos 013 sin 2613 sin 2023 sin 2012 sin dcp;
5 : : where Jop is Jarlskog Invariant (invariant
0 i L i under change of basis).
0 0.05 sinzgél 0.15 e Conditions for observing CPV-
13 e non-degenerate masses
Phys.Rev.Lett. 108 (2012) 171803; Daya Bay Collaboration e mixing angles 7 0°& 90°

o Scp # 0°&180°

_ B B . [ Am3, . (Am3, . [ Am2,
APy = APy = APre = 4Jcp X [sm( 5% L) + sin ( 5 L) +sm< 5F L
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PRESENT SCENARIO
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o Combined LBL disfavors 7

at ~ 1o (30) assuming NO
(10)

@ Stronger signature towards

CP violation in 10 than
NO in Nature
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: Normal hierarchy
% 26F
r“.u E
E 2.5_—
So2aE e Daya Bay has already achieved
5 2_32— unprecedented precision in 613

22F

2'15_ I I 1 L | I I I

0.07 0.075 0.08 0.085 0.09 0.095 0.1 51015
.\sinZQBI3 Ayt
sianQw = 0()853t388%i (2.8% precision)

Normal hierarchy: Amgz =+ (2.454f3:32;) x 1072 eV?

(2.3% precision)
Inverted hierarchy: ~ Am3, = — (2.55970027) x 1073 eV?

Kam-Biu Luk, Neutrino2022
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This talk explores the effect of current uncertainty in 623 in achieving the maximum possible CP
coverage in dcp with DUNE and T2HK.
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CP COVERAGE AND CP ASYMMETRY J

T
DUNE
NMO (true)

cp (true) = 223°
sin®B33 (true) = 0.5

-180 -135 -90 -45 0 45 90 135 180

b¢p (true)

CP coverage denotes the values of true dcp (expressed in %) in its entire range of [—180°,180°],
for which leptonic CP violation can be established at > 30 C.L.
P — Py, 5
Intrinsic CP Asymmetry A% = tuTVe PuTiVe
Pl/“*)l/e + PD,LHDE
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CP COVERAGE APPROACH

Eur.Phys.J.C. 83 (2023) 8,694
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Ax* = min |X*(5&E" = 0°and 180°)—x*(68E°)

(8&58°, 023)

o DUNE: 480 kt-MW-years of
exposure, L = 1285 km,
pavg = 2.848 g/cm3, P.O.T. of
1.1 x10%! per year.

o T2HK (T2HKK): 2431
kt-MW-years of exposure, L =
295 (1100) km, pavg = 2.8
g/cm3, P.O.T. of 2.7 x10?2 per
year.

e DUNE + T2HK is must to

achieve leptonic CP violation at
30 for at least 75% choices of
dcp irrespective of the values of
O3.
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INTRINSIC (GENUINE) CP ASYMMETRY J

T . -

1357 o CP asymmetry in vacuum in DUNE for first
0= - oscillation maximum (E = 2.5 GeV).
45 -
0 —
—-45= 7 o CP asymmetry decreases with increasing value
-90 = - of 623
-135 -
~180 oo b b b
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Eur.Phys.J.C. 83 (2023) 8,694
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INTRINSIC (GENUINE) AND TOTAL CP ASYMMETRY
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o CP asymmetry in vacuum (left) and in presence of matter (right) in DUNE for first
oscillation maxima (E = 2.5 GeV).

o Due to Earth matter potential, extrinsic or fake CP asymmetry induces.

o CP asymmetry decreases with increasing value of 63
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INTRINSIC AND TOTAL CP ASYMMETRY J
T —
135 — )
90k | e CP asymmetry in vacuum (left)
— and matter (right) in DUNE for
g B ] first (top, E = 2.5 GeV) and
8 or N second (bottom, E = 0.8 GeV)
nos -45- n oscillation maxima.
—0F ] @ Vacuum CP asymmetry is three
-135 1 B times larger in A = 37 /2 (second
~180 o b b b

osc. maxima)

180 prrerrrrprrrrerrrremrre e
135

At second osc. max. the size of
the —dependent interference
term is a factor of ~ 3 larger
than that at the first osc. max.

o CP asymmetry decreases with
increasing value of >3
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INTRINSIC AND TOTAL CP ASYMMETRY J

ALS = [AlS]vac + A[ALS Imat + O(A?) (1)
Fix sin 613 ~ 1/7 and sin 012 ~ 1/\/§ and expand in A up to the first order. So,

—28aA cos b3 sin dcp sin A
3v/25sin B3 sin A + 28a/A cos o3 cos §cp cos A

[-Aéi) ] vac —

2

e o ) . 126/ cos 053 cos dcp cos A+18 sin? 623 sin A
= —sin A A —sin A
[Acplmat sin® 623 (A cos sinA) (35in2 03 sin A1 7v/2cx cos Sop cos A sin(2623))2 ®)

As 03 decreases =—> denominator increases —- .Aéi becomes smaller = less CPV sensitivity

At first oscillation maximun , (A = 371/2)
.A ~ 7*@\/727 C0t9235 1 P+ 2AA 4
cp ™~ 3 noc ) ( )

where A{}, decreases as 23 increases
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CP COVERAGE

o Why in DUNE there is a deterioration in CP coverage around sin2f6y; = 0.57

----------------------------------------- o fixed-parameter case does not have

74 TS DUNE ] any 03 — dcp degeneracy, so no
,,,,,,,,,,, o ] deterioration.
L ol NL ] o Marginalization over uncertainty in
8 o\ e ] 0>3 leads to 023 — dcp degeneracy in
A 70 K 1 DUNE due to considerable matter
g Fos . effect.
S L
21;: 68 [ ‘\ o Disappearance channel is crucial in
8 t RIS DUNE.
o r ..
O 66 [ o In T2HK, negligible matter effect
b solid - Marg (app + disapp) ensures no 03 — dcp degeneracy.
b dashed - Marg ( only app.) o1
64 — DUNE: [5v+50]yrs
r dotted - Fixed o
E JD:[25v+7.5% ] yrs N
eo o v ]
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ExTRINSIC (FAKE) CP ASYMMETRY
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o AME — P’/u—“’u - PDM—”);L o APE A A"24sin2 623+7v/2(72 —4)x cos Scp sin 2093
P p P, .5 cp ™~ 6+141 cos 2023
V= + Dp—p

° A‘éﬁ increases, with increasing 623, until expansion breaks at cos26,3 = - 6/141.
o Earth matter potential (V¢c) interacts oppositely with v and ¥ leading to fake CP
asymmetry.

o Disapp. is able to fix 63 in dcp independent manner far from sin? 6,3 = 0.5.
o Around sin? 6,3 = 0.5, disapp. faces (623 — dcp) degeneracy.
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CP COVERAGE
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| o DUNE faces 623 — dcp)

degeneracy; T2HK has high
appearance systematic
uncertainties (5%).

o DUNE + T2HK is must to
achieve leptonic CP
violation at 3o for at least
75% choices of écp.

@ Lower appearance systematic

uncertainties in DUNE (2%)
and negligible matter effect
in T2HK complements each
other in achieving better CP
coverage.
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CP COVERAGE AS A FUNCTION OF EXPOSURE

Eur.Phys.J.C. 83 (2023) 8,694

CP coverage = 30 (%)

0.5 1 1.5 2
Chosen
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o DUNE + T2HK can
achieve more than 75%
CP coverage even with
half of their individual
exposures.
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CP COVERAGE AS A FUNCTION OF EXPOSURE
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Eur.Phys.J.C. 83 (2023) 8,694

DUNE + T2HK can achieve more than 75% CP coverage even with half of their individual
exposures in all the three scenarios.
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CP COVERAGE AS A FUNCTION OF RUNTIME J
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Eur.Phys.J.C. 83 (2023) 8,694
e LO

e T2HK - choice of [2.5v, 7.50] is best
o DUNE - only v mode works best. dcp independent measurements of sin? 03 by disapp.
e MM

o T2HK - choice of [2.5v, 7.57] is best
o DUNE - Balanced runtime necessary as disapp. doesn't help

e HO
e T2HK - choice of [2.5v, 7.57] is best
o DUNE - [6.5v, 3.57] is best; disapp. helps but not sufficient
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CP COVERAGE AS A FUNCTION OF

SYSTEMATICS
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Eur.Phys.J.C. 83 (2023) 8,694

o Given improved appearance systematic uncertainties in T2HK (2.7%), T2HK outperforms

4 05 1 16 2 25 3 35

(Choseny, - inal) Systematic Uncertainties

DUNE (2%) in all the three scenarios.

o If in Nature, both experiments end up achieving ~ 1.5 times higher app. syst. uncert. then
DUNE + T2HK remains the only solution to achieve 75% of CP coverage.

4 05 1 16 2 25 3 35 4

(Choseny, - inal) Systematic Uncertainties
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KEY TAKEAWAYS

o Complementarity in DUNE + T2HK can achieve 75% CP coverage, irrespective of mass
ordering and 623 in Nature.

o DUNE + T2HK can achieve 75% CP coverage even with half of their individual
exposures.

o In DUNE, (623 — dcp) degeneracy is responsible for lowering the sensitivity, because of large
matter effect.

@ In T2HK, higher appearance systematic uncertainties leads to lowering of sensitivity.

o Better appearance systematic uncertainties and wide-band in DUNE; low matter effect and
better measurement of intrinsic CP phase in T2HK — plays a complementary role in
establishing better CP coverage in DUNE + T2HK.
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o Under IMO (true), in
DUNE, no specific
deterioration in sensitivity
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Backup-2
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o Mild (623 — dcp) degeneracy

& under IMO assumption.
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o Appearance event rates are

sufficient enough to
establish CP violation at a
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