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@ Three neutrino flavor eigenstates (ve, v, Vr) are unitary linear
combinations of three neutrinos mass eigenstates (v1, 2, v3) with
masses my, mp, m3 — Neutrino mixing

@ standard parameterization for PMNS matrix:

Upmns = Uaz(623) Urz(613, 0cp) Ur2(612)
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@ strength of CP violation is parameterized by the Jarlskog invariant:

JPMNS — sin 012 cos f15 sin B13 cos? B13 sin B3 cos B3 sin Ocp

Jekm =~ 3 x 1072 (PDG)
[arxiv:0308040 (Lepton Photon 2003) using v =~ 70° ]

@ Using the recent results of nuFit vb.1, in lepton sector:

Jpmns = 0.034.sindcp




CP violation

CPV in lepton sector is essential
CPV can be measured in oscillation experiment P(vo, — v3g)
Comparing neutrino probability with anti-neutrino probability

So for CP Violation in neutrino mixing matrix

P(I/a — Vﬂ) 75 P(I/—a — I/-ﬂ)

In this discussion, we will use P(v, — v.) as oscillation channel.

Precision frontier -> Indirect hint from high scale (multi-TeV) physics
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AT~
Detect neutrinos in Fermilab’s
NuMI beam
14 mrad off-axis, E = 2 GeV

Active liquid scintillator
calorimeter

Baseline — 810 Km

Two Detectors:

@ Near detector — 0.3 kt
e Far Detector — 14 kt

DUNE

proposed future superbeam
experiment at Fermilab

Liquid Argon (LAr) detector of
mass 40 kt

Baseline — 1300 Km

Far detector — Homestake mine
in South Dakota.
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Detect neutrinos in JPARC
beam

43 mrad off-axis, E =~ 0.65 GeV
water Chrenkov Detector
Baseline — 295 Km

Two Detectors:
@ Near Detector — ND280, 280
metres from the target

e Far Detector — (Super K),
295 km from the target in

Tokai.

e

T2HK

@ Upgraded version of T2K

@ fiducial mass will be increased

by about twenty times

will contain two 187 kt third
generation Water Cherenkov
detectors

Baseline — 295 Km
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Mass ordering ?

Normal Ordering Inverted Ordering
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@ The best fit value for >3 in the higher octant and different values of
dcp by NOVA for NO and 10.




Possible solution

SM SM + NSI (&)
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Joint fit T2K-NOvVA

|O — both similar

NO- differ

Joint flit- split difference
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NOVA-T2K joint fit: PMNS parameter

“assuming IO
NOvVA only: Phys. Rev. D106, 032004 (2022) (does nat ,n(,udup ,g.lm (% pro

T2K only: Eur. Phys. |. C83, 782 (2023) l
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Joint fit splits the difference b/w NOvA-only & T2K-only in NO;
improves constraint in IO




NOVA-T2K joint fit: takeaways \

Advancing the precision frontier on |Am?s; |
<2% measurement!

Inverted mass ordering
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The CP phase

Valencia Global Fit (Pre-Nu2024)
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4+ NO: mismatch between NOvA and T2K and SK atmospheric results
Sgr = 1.121; 6= 1n/2 (0) disfavored at 4.30 (2.90)

4+ 10: all experiments prefer & ~ 3n/2
Sgr = 1.5m; 6= /2 (m) disfavored at 6.80 (3.90)

Mariam Tértola (IFIC-CSIC/UValencia) 29 Neutrino 2024, Milano




Tensions in global fits to
3v oscillations ?
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NSI

@ The main difference between NOrvA-T2K as well as DUNE-T2HK is
the baseline and matter density, apart from energy.

@ Neutrinos at NOrvA and DUNE experience stronger matter effects
than T2K and T2HK

@ New physics signature could probably be inferred from this exercise

@ Non-standard Interactions (NSI) — LBL CP Sensitivity

B Brahma, A Giri EPJ C 82, 1145 (2022)
[2302.09592, 2306.05258]

B Dev et al, 1907.00991; S Choubey, JHEP 12, 126 (2015); R Majhi et al, 2205.04269,
K Babu et al, 1908.02779; Farzan and Tortola, Front. Phys. 6, 10 (2018),....




@ NSI can be characterized by dimension-six four-fermion operators of
the form:
f,Pr— T
Lnsi = —2V2GF Y ey Way"vs][fuf] (1)
a,B,f,P
@ The neutrino propagation Hamiltonian in the presence of matter, NSI,
can be expressed as

1 0 O 0

Herr = == [Upmns |0 6m3; 0 | Ubyns +V (2)
2F ,
0 0 dmy

V = 2v2GENLE

where,




@ In the presence of NSI from ep and et sectors, the probability can be
expressed as the sum of terms *:

Pp,e:PSM+P€e”+Pee,r+Plnt+h.O.

where,

Py = 4si3555% + 8513503512C1200311g cOS(A + Scp) + 4r°sincincasg?

@ Py denotes the SM probability expression

where,

_ Am%l
4E r= Am‘?,,1

f = sin [(1-A)A] g = sian A _ 2V2GENeE A — AmiL

1-A

2
A m3,

(*Phys.Rev.D77:013007,2008, JHEP 0903:114,2009, JHEP 0904:033,2000,
Phys.Rev.D93,093016(2016))




Pe

= 4Acou[xF2s35 cos(Wey) + xfgcas cos(A + Wep) + yg2c2s cos e
+ ygf5223 cos(A — ¢eu)| + 4/’2\26§M[f 2533 + g2c§3 + 2fg5223c§3 cos Al

ep
where W), = ¢y + dcp

4A¢e ., [Xf2sp3C03 cos(Wer ) — xfgspzcaz cos(A + W)

y&% 2323 C0S Per + ygfpzcasf cos(A — der )]
4A%€2 s2:c3s[g? + 2 — 2fg cos A]

where V., = ¢or + Ocp

8A2 C23523€epEer [g2c223 4 f 25223 + 2fgc223 coS( ey — Ger) cos A
fg cos (A — Gep + Ger)]




@ The flavor changing parameter of NSI:

|eeu|ei¢e“' |€er|ei¢e7v |€M|ei¢m

@ In this work, we consider only the propagation NSI.

e Will discuss the effect of NSI ranges on sensitivity as well as
oscillation probability plots for DUNE and T2HK.

@ Use GLoBES and its additional public tools to deal with non-standard
interactions *.

(*Comp.Phys.Comm, 167 (2005) 195; Comp. Phys. Comm, 177 (2007) 432;
https://www.mpi-hd.mpg.de/personalhomes/globes /tools/snu-1.0.pdf (2010).)




Parameters used

SM Parameters

bfp + 1o
NO

bfp + 1o
10

sin? 619

sin? foq

1=0+0.019
0.4502 016

1+0.00062
0.02246 "5 50062

on+36
230+38

~ 1540.21
7.427530

+0.027

20 4+0.012
0.304%5013

0.019
0.57015,016

41--0.00074
0.02241 75 90062
o t22
27873,
15+0.21
7427530

100+0.026
—2.490Z¢ 028

204+0.013
030475015




2NSI| constraints

NOvA+T2K (NO) NOvA+T2K (NO)
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NSI Range
From the allowed region plots in the previous slides, the best-fit points are:

Mass Ordering  |€ey| |€er |

NO 0.22 0.06
1O 0.04 0.2

Mass ordering  ¢ep /7 Ger /™

NO 0.48 1.88
1O 1.24 1.87

@ In SM Plots the standard parameters ;3 is marginalized

@ In SM+NSI plots, along with 613 the NSI magnitudes (|ecp|, |€er|) as
well as phase (¢ey, Per) are marginalized

@ The plots display the allowed regions at the 68% and 95% level




1D plots with 2NSI

DUNE+T2HK (NO)
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SM+ dual NSI, €, and €.
Sector, NO

DUNE (SM1+2NSLNO)

SM, NO

DUNE (SM,NO)

F90% ——

<

=

@ With the inclusion of dual NSI from e — x and e — 7 sector, the
allowed region corresponding to the higher octant in DUNE vanishes.




SM+-dual NSI, €., and €., Sector,
NO

T2HK (SM42NSI,NO)

@ With the inclusion of dual NSI from e — p and e — 7 sector, the
allowed region corresponding to both the octants does not vanish
completely.




@ For the SM scenario, we see a good separation between NO-IO for
both dcp = 90° as well as dcp = —90°.

@ For SM and dual NSI scenario, we still have some separation between

NO-10 for dcp = —90° in mid energy region, and they gradually
merges around 4 GeV.

DUNE (SM) DUNE (SM+2NS1)
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For the SM scenario, we see a feeble separation between NO-10 for
both dcp = 90° as well as dcp = —90° around 1 GeV.

For the SM and dual NSI case, we see a better separation between
NO-10 for both écp = —90° and dcp = 90° around 1 GeV.

T2HK (SM) T2ZHK (SM+2NS1)

e NO 8= —m2 - NO, 8= —m2
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For SM scenario, we see a perceivable separation between NO-I1O for
both dcp = 90° as well as dcp = —90° till 1.5 GeV.

For SM and dual NSI case, we see a better separation between NO-10

for dcp = 90°. The NO-IO separation decreases for cp = —90° when
compared to the SM case.

T2HK (SM)

T2HK (SM4+2NSI)

P(v, —=Ve) P(v, —=Ve)
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CP sensitivity with 2 NSI

DUNE (SM)
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Baseline = 1300 Km, Energy = 2.6 GeV

P(vy — ve) — P(v, — Ue)
Acp =

- Py, — ve) + Py, — ve)

DuNE (NO)

DuNE (NO)

— A
— L Gy 0 A5n and @~ 1.0
— NS, Pea= 087 210§y =0 50
— NG G 12r and g, =080

NSL Qea= 1Sy and =120




@ Baseline = 295 Km, Energy = 0.6 GeV
P(vy, — ve) — P(Vy, — ve)
Acp =

- Py, — ve) + P(vy, — ve)




@ For DUNE: Baseline = 1300 Km, 6cp = 232° (NO) and 272° (10)
@ For T2HK: Baseline = 295 Km, dcp = 232° (NO) and 272° (10)
P(vy, — ve) — P(v, — ve)

P(vy, — ve) + P(v, — ve)

Acp =

DUNE (SM4+2NSI))




@ For DUNE: Baseline = 1300 Km, Energy = 2.6 GeV
@ For T2HK: Baseline = 295 Km, Energy — 0.6 GeV
@ SM parameter dcp is varied from O to 27

DUNE (SM4+2NSI)) TIMM (SM+2NS1)
—_— NOAATT(6) = AS(232 ) — A0
—_— D,AANE) - ATTRTET) — ACT(D)

(Energy=2 & GeVJ. 0 66)

(Energy=2 6 CeV, -01)

AAgg(dCP) — Aozﬁ’((S A 0) — Aaﬁ(5 — 0)




LFV muon decays

History' of u — ey, uN — eN, and u — 3e
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LFV

* Neutrino oscillation indicate LFV

* LFVin charged lepton sector is not seen . Y
* Inthe SM negligible: ) y .

¢ 2 > il , €

B(p — ey) = 3% Ui | < (1054 Ui Us

H o ZZ:UB,UQ,, 2| S O(10~%%) MV

e [ Br(b—s7) ~(3.36+£0.23) x 107* 7 b 2t S

Vib Vis

* New physics can enhance the By — ey)by few orders
* cLFV are very clean probes-unambiguous signal of BSM physics



Leptoquark scenario

* Some anomalies in flavour and neutrino sector
* Leptoquark: probable BSM for simultaneous explanation
* Consider U vector leptoquark

L5 x; O y* (@ Us, )L + hee.

 The effective four fermion interaction

2 — .
down __ LLyLL* /3 IN(7 ~M
Log =— ) /\jIS AN (A PLd ) (V" PLyg) ,
1 . .
up __ LLNLL*(—i ., AYE TN
Log = T N5 A (W P ) (o Pryg) |
LQ

Leptoquark: U3(§, 3, 2/3)



Leptoquark contribution to LFV muon decays
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We consider Leptoquark mass 2 TeV and with standard parameters

B(u — ey) ~4.67x1078

B(u — eee)  ~1.0x10-20

B(p — €)1 ~6.8x10



Current Status of BR(BT™ - K*1p)

SM Average
0.4

0.497 + 0.037 4320,

) 1 ; }
: | —eo— Belle II (362 fb!, combined)
E : 2.3+0.7 This analysis, preliminary
f Belle II (362 fb™!, hadronic)
. 1 1.1+1.1 This analysis, preliminary
: | —o— Belle 11 (362 fb!, inclusive)
. 1 2.740.7 This analysis, preliminary
H | P . .
. Lo Belle II (63 fbl, inclusive)
E : 1.94+41.5 PRL127 181802
- 1 B 1 . .
: |—etr elle (711 fb™, semileptonic)
: H 10406 PRDY6, 091101
. | .
: L Py Belle (711 fb!, hadronic)
: 29416 PRDS7, 111103
: _1 . . .

— | EaBar (418 fb!, semileptonic)
. 1 .2+ 0.8 PRDS82, 112002
: S BaBar (429 fb'!, hadronic)
: H 15+1.3 PRDS7, 112005

L ! L I 1 I 1 1 1 I L 1 1 I 1 L 1 I 1 1 L

0 2 4 6 8 10
10° x Br(Bt*—K *vp)

ITA result: HTA result:

e in agreement with previous hadronic-tag and * In agreement with all the previous

inclusive measurements measurements

* 2.3 o tension with BaBar semileptonic-tag * Most precise result with hadronic tag strategy

analysis

e comparable precision wrt previous best 3 I’XiVI 2 3 1 1 . 1 46 47

measurements

Roberta Volpe’s talk @ HQL 2023



x107? my = 0GeV

4,04~ 4.0

3.5 3.5

3.0 3.0
e 2.5 e 2.5
M M

2.0 2.0

1.5 1.5

1.0 1.0
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Branching ratios of several decay modes as a function of the scalar (left) and vector (right) Wilson coefficients for
fixed sterile neutrino mass. The dashed horizontal contours indicate the current upper bounds for BO — Kx0+inv
(red), B+ — Kx+inv (orange), and BO — KO+ inv (green). The light-blue band symbolises the simple weighted
average for BR(B+ — K+ +inv) and the hatched light-blue region is compatible with the 2023 Belle Il measurement

2111.04327 & 2309.02490



Remarks

Precision Neutrino physics key to BSM physics

Mild tension in CP phase in T2K and NOVA (NO)

NSI can spoil the clean measurement of parameters
Distinct prediction for DUNE and T2HK

DUNE may exhibit sighature of mass orderings
Possible implications in muon LFV

nteresting time ahead

Thank yow!
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* Inthe SM: FCNC can occur only at the loop level, highly suppressed;
* Theoretical prediction:

* BR (B+—K+vv-bar)sy =(5.06 + 0.14 )x 10°

* BR (BO =»K*0vv-bar)sy =(9.05 + 1.25) x 10-° [2301.06990]

* Complementary to b—sl*l" where tension with the SM been observed



When Energy go missing? B+ — K+ +inv

* We focus on 4 dim-6 operators in vSMEFT [PRD 96 (2017) 015012]:
C®(Q7,Q)(N+*N) + CN(dy,d)(N+*N)
+ C"NUYLAN)eos(QPd) + CNUT (LM Nens(QP 0,u1d)
(the operators are defined at u=1 TeV and matched onto the LEFT at Agy,=my)
* Relevant operators described by Lagrangian:

[ — Z Cszonz\//dLX—*—(CSgiJLOEcIIJL 4+ CI'II‘dLLOg}L 4 CVLL@VLL + CSLL OSLL + CTLL@TLL 4+ hC)

vedu ™~ vedu vedu >~ vedu vedu >~ vedu
X=L,R

* With effective operators
O™ = Wrywr)(dxytdx) . Opg* = Wiv)(drdr) , Ojp" = fopve)(drotdr)

VLL — g SLL — a5 TLL < -5
Ouedu = (I/L"}’peL)(dL"}"#UL) ) Ol/edu — (V(If,eL)(dRuL) ) Ouedu — (VEU#VeL)(dRJ#VuL)
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