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0=3n/2 (or —n/2) implies that we are at t

he tip of the ellipse

e best case

for NOVA

P-\bar{P} bi-probability diagram, proposed by HM-

H.Nunokawa, JHEP 2001
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Assuming all these go through well,
the key question is “What is left?”
and
“what is most important among the
m?”

—) My answer is:
* Paradigm Test !



JUNO can m
easure
U2 +{Ueol2
+|U¢3/2
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Method 1: Unitarity triangle
Yes, model-independent!

U U* + U, U¥,+ U3 U%, =0,

e Determine |U_,|, |U_,|, |U_|, separately
JUNO (+Daya Bay etc)
« Canwe do “v —JUNO”‘ Det
ermine (U, ), U}, 1U., sep Pty
2" OM
 For JPARC beam, L=300x30=9000 km,
pretty hard:--

0. 6x102° v -bar/s (1.GW,)... 6x1020




Method 2: Models with unitarity violation

* Prepare generic model of unitarity violatio
n

* Constrain these models by confronting th
em with experiments .. .

* Question: Can |l doitin a completely mod
el-independent way?

* Unitarity test is a passive way
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New Physics at high energies:

* This is Orthodox way, well studied ..

Npioneering work by Antu
sch, Biggio, Fernandez-Martinez, Gavela,

and Lopez-Pavon, JHEP2006

Note: (3+N) model invented by Schechter-
Valle in 1980 _ _
e But, neutrino experiments will not be the

best player for unitarity test
e the reason is: high-energy & SU(2) x U
(1) prevalls ¥ charge lepton gives strong

er constr: My suggestion today is low-E UV




relatively new option

* “low scale”: heavy leptons/neutrinos do commu
nicate with light v system, i.e., participate to nu os
cillation

* Various scenarios are proposed which involve “ne
w physics” at low energies: motivated by LSND-Mi

niBoone. DAMA. etc.

[21] A. E. Nelson and J. Walsh, “Short Baseline Neutrino Oscillations and a New Light Gauge
Boson,” Phys. Rev. D 77 (2008) 033001 doi:10.1103/PhysRevD.77.033001 [arXiv:0711.1363

[hep-ph]]. P I us

[22] M. Pospelov and J. Pradler, “Elastic scattering signals of solar neutrinos with enhanced

baryomnic currents,” Phys. Rev. D 85 (2012) 113016 Erratum: [Phys. Rev. D 88 (2013) no.3, m a n
039904] doi:10.1103/PhysRevD.85.113016, 10.1103/PhysRevD.88.039904 [arXiv:1203.0545 y
- more !!

[23] R. Harnik, J. Kopp and P. A. N. Machado, “Exploring nu Signals in Dark Matter Detectors,”
JCAP 1207 (2012) 026 doi:10.1088,/1475-7516,/2012/07/026 [arXiv:1202.6073 [hep-ph]].

[24] K. S. Babu, A. Friedland, P. A. N. Machado and I. Mocioiu, “Flavor Gauge Models Below
the Fermi Scale,” JHEP 1712 (2017) 096 doi:10.1007/JHEP12(2017)096 [arXiv:1705.01822

[hep-ph]].

 Orthodoxy seems challenged, e.g., WIMP dark mat
ter,low-E SUSY, day.oneNP,...



High- vs low-energy unitarity violation

Low-energy UV High-energy
* |lepton flavor univers v
ality: YES * lepton flavor universal

e zero distance neutri ity: NO
no flavor transition:  * zero distance neutrin

NO o flavor transition: YE
e Kinematical effect of S

sterile nu emission: e Kinematical effect of s

YES terile nu emission: YE

S (if kinematically allo
wed)
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High-energy unitarity violation
Antusch et al JHEP 2006
* When high mass sector integrated out we
have effective Lagrangian of light neutrino
s and leptons but with unitarity violation

Aiming at model-independent formulation !!

1 _ _
ceff — (i Qv — veym;v; + h.e.) — (W J Yu (1 —5) Nai vi + h.c.)
2 f
g _ t
— 2, U0; (1l =) (N'N);: v; .C.
2Cﬂ_s%( wZiY (1 —=75) (N'N);jvj + he) +
Gr = Gr
Vo = Nai V; . <yz'|"""j} B 51'_}'1 B V(NN ee(NNT) .,
Va) = 1 S Nz ) = Z * 1) Flavor nu
vV (NNt)oa 5 states NOT
orthogonal

with each



Flavor non-universality

v
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* L Vii Ny P
» vi%Vv,: N,/ ¥ (NN+), because [Escrihuela etal PRD201:
* <vi|v,>=N,/ v (NN+),

e Then, = X Ny N/ N (NN+ )up = va (NN-+),,,
dmm)  Gu=GCed/ (NN)uv' (NNY).
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Monologu _
e..by | am notsure if | understand theory

myself  of high scale unitarity violation, -

 Antusch et al JHEP 2006 treatment probab
ly fine

* But, treatment of truncated active 3 nu spa
ce looks ad hoc

e 3 active nu spans complete space of neutr
al leptons & ¥sum |n><n| =1, then there is
no room for non-unitary evolution

 Heavy sterile limitin (3+N) model? Looks g
ood idea, but it seems nontrivial



3 active+N-st
' erile v model

J4 for Low-E uni

A e
S

§ ‘.I. "'. i i

g T *

~ tarity violatio
N

Other models of Low-E UV?
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My goal today

Introduce a model for Low-energy scale
| |

(3+N) model

Show to what extent it can be formulate
d independently of details of the sterile

sector models (mass spectrum, active-st
erile mixing, etc.)

Reveal how to discriminate between low
-scale vs high-scale UV



3 active +N sterile unitary model in vacuum

3x3 Schechter-Valle,
—— PRD1980
Ve = Uyl U:TU 14
B 4 —~ NxN
zﬁyzﬂy.
(A1 0 0 0 0
0 Az 0 0 0
H-U 0 0 As 0 0 ut
0 0 Ay 0 0
0 0 0
0 0 0 0 Agin |
m2 . m?
ﬂ.izﬁ (i=1,2,3), ﬂuzﬁ (J=4,---,34+N).
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3+N model for low-E UV and modest requests on it

By 3+N model | mean (3+N) space is unitary,
but not in 3 active nu space

Unique? Probably not. General
Low-E UV model hard to

| n3t|5L'rCetd 1Y SHBEW 534N mod
el must be independent of details of N sterile
sector

» After fulfilling this criterion we will show what
is the difference between High-E vs Low-E UV



Probability in vacuum

P(vg = va) uﬁsUﬁk (4.5)
~23 " Re (Uz,Us, akUSk) b Y Im (U;Us,UarUpy) §

J#k J#k
+ZIWQJI \WSJ\E What is this?

+Z Re QJWSJWQKWJ@K +III1 QJWﬁJWQKWﬁK
JAEK
3 3+N
J=1K=4

Active-active, Ive- e, le- ' Hati
It Arr Amz2,) > O. scitfation” due to acti

A as A SS

ve-sterile and sterile-sterile Am2are averaged out

. [(AmZz . (Ami ez
) ()= (e (53))~e
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rdSL OSCIHHAlloOrn averadaged Oul Dy AeCOric

rence
2 2 2
(458 | - e it 2

i. Spatial resolution. In this case, decoherence happens if

5 4T FE
r = —.
~ ]&mﬁﬂ

ii. Energy resolution. In this case, decoherence happens if

4 B2
oK = )
~ ]ﬁmﬁblm

Am2. z AmZ2. |z
21 311

~ 1 or 1.

4FE 4E
) Am2>0.1eV?
LBL reactor (JUNO) accelerator

Am} SE/E\ !
Am%,| > = ( mgl) ~ 7.9 x 10 %eV? (ﬁ) (for LBL reactor),
SE/E

L) 7.5 x 10 2eV?
) e (0.1

-1
) (for accelerator).



Decoherence in v production from pion decay
Hernandez-Smirnov PLB2012
 Decoherence parameter ¢ = (Am2/2E) / T,
» 2 states resolved if § >> 1 & decoherence

» Estimate & assuming pion decay I'=(m,/E,)
[, (I'y=pion width at rest)

 Approximation E=aE,
¢ & = Amz2 / 206 mﬂro
* 1/ao=2.35

* £=0.34 (Am2/ 1 eV? decoheren
tifAm2> 1- 10 eV>2 i>




P looks almost standard one, but the
re iIs a new term

Appearanc Probability
e 2 leakage !

3
P(vs — va) TZ UasUs;| — 22 Re (Ua;U3,U%Ugy) sin? =
j=1 j#k
— Y Im (Ua;U3,;UkUsk) sin(Ag — Aj),

£k .

' U = non-unitary
Disappearan “MNS”
ce 3 2 3

. ;ﬂ.k — Az
P(va = va) = (ZU&JE) — 4 " |Uaj|?|Uqk|? sin® ( > i)z
j k>j

Cap = ) [Was | Wal?, Coa = Y [Wail Order ~ W4,
= ; = small!!




P-leaking term:
It must be obvious to exist, right?

e There is a N sterile sector which can co
mmunicate with active nu sector

* So the probability leaks to sterile sector
* Yet, not emphasized before::-

e = W4’ TOO Sma”? 3 N+3
dopg = ZUﬂjUEj + Z Wangj.
j=1 J=4

2 ) 2

Then, ‘Z?:l quU*j‘ — ‘Ef}:f Wu,;W;}‘J‘ in the appearance channel (a # ),
2

(S5 Uasf?)” =

i 2
?;43 W, J"E) — 1 — O(W?) in the disappearance channel

Term kept by S. Parke and M. Ross

seronergan;-PRD 2017 is also 4t order
in \A\/

May 14, 2018



Summary: There exists sterile-sector mode
lindependent P formula if Am2,, > 0.7 eV2

Disappearan
ce

2 (A — Aj)z
P(va — Vo) ‘ Z|r;rﬁd,|2 —4Z|qu|2|Uak|25ing ‘“2 ey

k>

Cap = ) WailWail’,  Coa=) [Wal®
J_

* A constant leaking term Cgg (= distinguishes
between low-E vs high-E unitarity violation !!)

* Unitary MNS ¥ non-unitarty “U”

UV effect is in: (1) explicit W correction term, (2) non-unitary U matrix
May 14, 2018 Seminar@MPIK-Heidelberg



Invitation to
non-unitary
world..
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Sensitivity to C__ and 1-X|U_|? from JUNO
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Parke-Ross-Lonergan PRD2016

Without P leaking term!
L) T 'r' | L T LENLENL N LA T '- r~r 17T rrTrr T T T T oTTT
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FIG. 1. Marginalized 1-D Ay? for each of the magnitudes of the 3 x 3 neutrino mixing matrix elements, without (red solid) and with
(black dashed) the assumption of unitarity. The x-axis is the magnitude of each individual matrix element, and the y-axis is the associated
Ay? after marginalization over all parameters other than the one in question. This analysis was performed for the normal hierarchy, the
inverse hierarchy providing the same qualitative result.



Constraints on unitarity violation (Parke-Ross
-Lonergan)

. Unitarity Triangle Closures "
T .rlROWS T II"I T LA B R | I" 'F T Bt
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FIG. 2. 1-D Ay? for the absolute value of the closure of the three
row (solid) and three column (dashed) unitarity triangles when
considering new physics that enters above |Am?| > 1072 eV2.
There is one unique unitarity triangle, the v,u, row unitarity
triangle, in that it does not contain any v, elements and hence is
constrained to be unitary at a level half an order of magnitude better
than the others. By comparison to Fig. 3 one can clearly see that the
Cauchy-Schwartz constraints are satisfied.
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FIG. 3. 1-D Ay? for deviation of both Upys row (solid) and
column (dashed) normalizations, when considering new physics

that enters above |Am?| > 1072 eV?2.
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Sterile mod
el-independ
ent P: Preva
il to “in mat
ter’ ?
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Small-UV perturbation theory

Chee Sheng Fong, HM,
Hiroshi Nunokawa,

A g H.arXivi1712.02798

oy | Pa 0 | o
HU[GQS]UJr 0

where A, = diag(A, Ay, Az) and A = diag(Ay, As, - - -, Ana3).

(As—Ap 0 0 | _—i
A= 0 ~Ap 0 L
0 0 -Ap
a b
Ay = — Ap =
A zEa B ZE‘.I

Y, E
a = 2V/2GFN.E ~ 1.52 x 10~ ( £ ) ( ) eV2,

gem ™2 ) \ GeV
1 /N,
b = vV2GrN,E = ( ) a.
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Small-UV perturbation theory: change to vacuum mass basis

AQD
00

-~ ~ A, 0
H = vac T Hmatt — [ N ] + UT U.

0 Ag

0 U'AW
WTAU WTAW

- X=unitary
< matrix,
diagonalize
~ Xt (A, +UTAUYX 0O h 0 .
x’fﬂgxz[ (Aa ] ) &J = [0 &J = HoH,(3x3)
A -~ 0 (UX)TAW
— xt — Do
Hy = X HiX wtAUux) whtAw

perturbat|on
FlaAaAawrm:s i
— hat

Sua = (Ux)SHE(UX)’f + (UX)SQSWT + WSso(UX)f +W855Wf
May 14, 2018 et ey o



Do W perturbation to 4t order
to keep P leaking term

* Did we find “W* P leaking termn)
Yes!
e How about what is the role of the rest?

May 14, 2018 Seminar@MPIK-Heidelberg



P(ug — 1)), = 2Re [(S(D)) s dlag]
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S EEE S [ ht
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K m#k
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_ 1 e Ak —hn)z 1 e iAL—hn)z
(Ag —hi)*(AL - AK (A —he)3(AL — Ak)
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+ ZH:ZZ Z[ K hk} AL_h}g)(hﬂb_hk) } }

k K#Lm#k

Lk

1 . )
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1 —i(hm—hn)z
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May 14,2018  * {@x)taw} {W*A(UX)}Km{(UX)TAW}M{W*A(UX)}M}. (C.5)



2 1
1st - ZZ (AK - hk})(AL - hl)

kK 1L

563

] —i(Ag—h))z _ e—i(hk—hi}iﬂ E—i(hk—:ﬁij _ E—i[hk—hgjz
x |z2eithe—hie _ (j4)° + (iz
| ) A~ ) ), =)

—i(A g —Ay )z —ilhp—hp)z _ —i(Ag—h)z _ _—ilhy—4Ap )z
" Ak —h)(AL - h) { e ¢ ¢ H

X (UX)ak(UX) 3 {(UX)TAW}J:K {WTA(UX)}K?G

X (UX)Zz(UX)Si {(UX)JFAW}:L {WTA(UX)}M

1 1
T Z ZZ Z (hﬂl — hk)(AK — hk)(&ﬁ’ - h'm.) (hn - hl)(&[: - h;)(&[, - hﬂ)

ktm K l#n L
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X

(&L _ h;) 6+ihm:1: _ (&L _ hn) e+z‘h;z: . (hn . h;}eﬂﬂ'“]
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(
+ ZZ = hk;(&[, m— (E—iﬂ.;{'z _ B—ﬂak:s) (EH.&.LE _ E—Z-—ih,,;::)

_ kK I,L
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\xrr[EUX}akWékK {(UX}TAW};GK + Wak (UX) 3 {W?A(UX)}KJ
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Do W perturbation to 4t order
to keep P leaking term

* Did we find “W* P leaking termn)
Yes!
e How about what is the role of the rest?

 To answer the question let us first exami
ne W2 terms
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After averaging out fast oscillations..
P(vg — V,)0+2)

2
3
> _UaiUg;

j=1

(h_:g — h;)fﬂ

—2) Re[(UX)aj(UX)5;(UX)5x(UX)g1] sin® 5

J#k
I [(UX)og (UX) 3, (UX ) o (UX) 3] sin(hie — hj)a
i#k
1 - e Hhk—hm
2R, . —i(hk—hm)z _
" E{ZZ Ak — hy l(”)e (Ax — ha)

m kK

Zeroth order in

% (UX)ak(UX)5(UX)am(UX)m { UX)' AW} {wm(m\f\{m

1
- Z g; (hi — hi)(Dx — hi)(Ak — By) Large denominator

e Cnn]  SUPPTeEssion ¥ Always
X [(&K—hk)e T = (Ag — ) e } comes with matter

X (UX)ah(UX) 5t (UX Yo (UX) 5 { UX) AW} {”p%%iﬂ!;

e~ Hhk—hm)z

_ZZ (Ak — h)

m kK

May 14, + WCIK(UX)IEFC(UX);TH(UX)ETIL {WTA(UX)}KFJ }1

[(Ux)akwgg(m am(UX)sm { UX) AW}



Do it: W perturbation to 4t order
to keep P leaking term

* Did we find "W4 P leaking term?:> Yes!
* How about what is the role of the rest?

 To answer the question let us first examine W
2 terms Always comes with matter

e If we mpoy/Aﬁ?ﬁe”&abJ eVz, thenall the "Wz
correctiof terms are small @) negligible

 Then, all the "W4 terms can be ignored excep
t for P leaking term

-1
Al 5 13% 1073 (ﬂm?”ﬂ) ( P ) ( = )
May 14, &m?}'k G.IEVZ 2 8 g/‘cma 1GeV /'’




A simple formula for oscillation probability in
matter w/o unitarity: leading order in W pertur
bation

2
3

D UajUp;

j=1

Uw
'V

X=... U=

P(vg — vy)

— 2 ZR’E [(Ux)uj(UX)Ej(UX);k(UX}ﬁk] sin® (hi — hj)z

i#k 2
— Y Im [(UX)aj(UX)5;(UX)5x(UX)gk] sin(h — hy)z,
j#k

* All W2 & W4 terms avaraged out or suppressed if Amz2 >
0.1 eVzexcept for P leaking term!!

e UV effectisin: (1) explicit W correction term, (2) non-un
itary U matrix
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Where is the

region of lar
ge UV?
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Distance [km]
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* Leading order
terms = Zeroth
order in W

AP large at solar- and
atm- MSW enhanced

roninnNnc

a11 = 0.990, az1 = —0.0141, az: = 0.995, az1 = —0.0445,

¥3a = —0.0316, X33 = D949.
P(v

Piv —= v)
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3 V'[ }nnn—unilary

n

10' 10
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0.25
0.2
0.15
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/A Large "W2 co
rrections?
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e Order W2 correcti
on terms

small in most

of the regions of L-
E but sizeable in i
mited places
* High energy, long
baseline & IceCub
e, PINGU, Hyper-K

e

OP(v =»v )

6P(v >v_)

6P(vu—) v, )

—— E=10GeV, with Cm
..... E =10 GeV, with Cmf?;
-. E=10GeV, w0 C

— E=100GeV, with C
..... E=100GeV,withC /3

E=100GeV,w/o C

e
e
1

e

— E=10GeV, w1th

..... E=10GeV, with € f3

- E=10GeV,woC. !

’_ E = 100 GeV, with C
..... E =100 GeV, wuhcufsf’

-. E=100GeV, wfoC

T

E=10GeV, with C, "
... E=10GeV,withC a’3
-. E=10GeV, wa’oC

— E=100GeV, with ¢

.. E=100GeV, with C,, /3
E= 100 GeV, wio C,"

10°
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How to proceed?

* Find hint for non-unitarity » can be done with lea
ding order P, e.g., (implicit) order W2 correction in disappe

arance channels 2 2
(51 1Ul?) = (1= 25 Was?)” = 1- O(W?)

* This step is being done by many people: common to high-
E and low-E UV

[24] S. Parke and M. Ross-Lonergan, “Unitarity and the three flavor neutrino mixing matrix,”
Phys. Rev. D 93 (2016) no.11, 113009 doi:10.1103/PhysRevD.93.113009 [arXiv:1508.05095
[hep-ph]].

[25] M. Blennow, P. Coloma, E. Fernandez-Martinez, J. Hernandez-Garcia and J. Lopez-Pavon,

“Non-Unitarity, sterile neutrinos, and Non-Standard neutrino Interactions,” JHEP 1704
(2017) 153 doi:10.1007/JHEP04(2017)153 [arXiv:1609.08637 [hep-ph]|.

[38] S. Antusch and O. Fischer, “Non-unitarity of the leptonic mixing matrix: Present bounds
and future sensitivities,” JHEP 1410 (2014) 094 doi:10.1007/JHEP10(2014)094

[arXiv:1407.6607 |[hep-ph]]. PI u S

[39] F. J. Escrihuela, D. V. Forero, O. G. Miranda, M. Tértola and J. W. F. Valle, “On the
description of non-unitary neutrino mixing,” Phys. Rev. D 92 (2015) no.5, 053009 m a n
doi:10.1103/PhysRevD.92.053009 [arXiv:1503.08879 [hep-ph]|. y

[40] E. Fernandez-Martinez, J. Hernandez-Garcia and J. Lopez-Pavon, “Global constraints on m O re |1

heavy neutrino mixing,” JHEP 1608 (2016) 033 doi:10.1007/JHEP08(2016)033
[arXiv:1605.08774 |[hep-ph]].

[41] F. J. Escrihuela, D. V. Forero, O. G. Miranda, M. Tértola and J. W. F. Valle, “Probing CP
violation with non-unitary mixing in long-baseline neutrino oscillation experiments: DUNE
as a case study,” New J. Phys. 19 (2017) no.9, 093005 doi:10.1088/1367-2630/aa79c
[arXiv:1612.07377 |hep-phl].



How to proceed? 2

* Then, if we see UV, the next step would be:
* Detect P leaking term C

* Detect explicit W2corrections
j> To distinguish low-E UV from high-E UV

 So far, we only did “JUNO” with known flux

» Detecting C,; (in accelerator) requires near detecto
r measurement

e T2K/T2HK & ND at 300m & OM for Am2=3 eV2 %

ND before averaged out, if we limit to Am2<~0.3 eV
2

e W2terms & lceCube, Hyper-K atmospheric nu?



Conclusion (15t part)

Mixing parameter measurement in progres
s % looks converging

Accumulating hints for lepton CP violation
0 "'L'_—Jﬁ 0 could me measur
ed much earlier than we thought?

0 ~ 3n/2 implies NOVA could determine N
u mass ordering

"3 o evidence for both CP and mass orderi
ng before Hyper-K and DU il




Conclusion (non-unitarity)

 General structure of nu oscillation in active nu s
ector of (3+N) unitary system is analyzed in vac
uum and in matter in the context of low-E unita
rity violation

* A new term, the “probability leaking term” foun
d (leaking to sterile sector)

J—) Distinguishes between Low-E vs High-E
unitarity violation

e Conditions for sterile sector model-independen
t P in vacuum and in matter are eluciﬂ
m,;2 > 0.1 eV2

* Likely to be insensitive-to sterile interactions




Conclusion (non-unitarity?2)

* JUNO analysis shows one can constrain UV in
V. row at a high level

q Cee ~ 104, 1-2|Ugl2 7 0.01 (both 1 o)

* Non-unitarity effect in the leading order (W0o)
seems sizeable in solar- and atm MSW regions
(Probability level)

e generally requires L ~ 3000-104 km

* W2 correction sizeable in limited L-E regions

. distinguishes between low-E from high-E

: L ~ 3000-104 km
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