Based on 1508.05095 [hep-phl with Stephen Parke?Fermilab

AR : e .
WDutham ~{pd~ in@isibles _{ £&Fermilab

University PEOPLE



Motivation: Current Status of Neutrino Oscillation
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Motivation: Current Status of Neutrino Oscillation

Unitarity remains an initial theoretical assumption inherent in the
majority of analyses, and is the basis for the validity of the 3v paradigm.

However, in comparison with the quark sector, experimental tests of
unitarity for the 3x3 neutrino mixing matrix are considerably weaker.
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Want to measure elements, not angles.

PMNS
V@ UG]_ U€2 UGS Vl Mass Eigenstates
. Labeledlby
V)u’ — U)u’]- U/.LZ U/JJS V2 Decrseasmg
Vr UT 1 U7'2 UT3 Vs /. o
Flavour Mass
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Where is out information coming from?

KamLAND SNO Reactors SBL
Reactor LBL » = gglar CC/NC Ratio  7.Disappearance
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Unitarity Conditions

(UJfU) — 6 Normalisations F—

\3 Row (UtV)
|U~‘31|2 T |U62|2 + |Ue‘3|2 =1

NI U2 + [Ual? + U2 = 1
|U7'1|2 + |U72‘2 = IU1-3|2 = 1

and 3 Column
|Uel|2 .5 |U.u1|2 % |U71’2 =1

‘UeZP + ’UM2|2 + ’UT2’2 =1
Ues|® + [Ups|* + |Urs|? = 1

\, J

Ideal scenario: We measure
each element with sufficient
precision as to confirm these 12
unitarity conditions individually.

eu
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UbninsUpmns = 1 = UpnnsUbyins

6 Unitarity Triangle Closures [N

3 Row
|U61U;1 + Ue2Ujs + UegU;SI =0

|U€1U:1 ‘|‘ UeQU:Q + U63U:3' = O
Up1Ufy + Up2UZy + UysUZs[ = 0

and 3 Column

UetUzy + Upa Uy + Ui UZy| = 0
UetUZ + Upn Uty + Ui U] = 0
UeaUZy + UpaU'ty + UnaU2s| = 0

\, J/




Unitarity Triangles in the neutrino sector: quite a way to go.
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Where does this non-unitarity come from?

Canonical way of generating a non-unitary mixing matrix is to embed our
3X3 matrix in an extended mixing matrix, via the addition of SM singlets.

’ Additional SU(3) x SU(2) x U(1) singlets a generic feature of many BSM scenarios.

/Uel Ue2 e? T eN\
Uﬁﬁ?flged— Url U’c2 U’c3 U’L‘N
: Any arbitrary subset
not necessarily unitary.

\US 1 USnz USn3 W\
|Ue1’ ’UeQ‘ ‘U€3’

Upiins = ‘Uul’e_ié“l ’Uuﬂe_ia“z Ul
‘Url‘elgﬂ ’U"c2|€l&c2 Uz

Without symmetry to dictate a scale masses, a priori, N0 mass scale
prefered over another.
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The Minimal Unitary Violation (MUV) scheme

e Assume extra fermionic singlets introduced via some new high energy
physics. New high scale physics is still SU(2); x U(1)y symmetric.

[ - (Z <Z5) ( qu L) Produces usual neutrino mass J

upon electroweak breaking

/

o Lyviuv = Lsv + L% 4 FL9=0

x (L) id (¢TL)
Extra neutrino kinetic terms which upon
canonical normalization leads to non-unitary mixing

e Experimentally bounded by a plethora of experiments;

e Oscillation experiments, Lepton Universality, Rare Lepton Decays, Elec-
troweak precision measurements, CKM precision measuements, Gauge Bo-

son Decays 1_Ma“\“el
E.Fema“de
fS. Antusch, C. Biggio, E. Fernandcz—Mart.inez, M. Gavela, and J. "a\\(s bv deZ"
Lopez-Pavon, JHEP 0610, 084 (2006), arXiv:hep-ph/0607020. &e© y\etﬂa“
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The Minimal Unitary Violation (MUV) scheme

Valid form >> A,

0.9979 — 0.9998 < 107° < 0.0021
uUt| = <107? 0.9996 — 1.000 < 0.0008
0021 < 0.0008  0.9947 — 1.000

\

Best constraints Worst constraint
~0.001% ~0.5%

u—ey from MEG, BR<5.7x10™3

Experimentally unitary at the sub percent level.
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New physics, where is it lurking?

[Scale of new physics (in GeV)]

O(100eV — 100keV)

Kinks in the end points of O(TeV)
SM V?;2 {égrie %lotggin bﬁt‘fl deacy of Explanation of leptogenesis by decays
Scale Re, °H,**Ni,**S...etc.. or oscillations between heavy steriles.

Accessible at current colliders energy!

T

[10—7| —10—9 [ 10> - 10* )
(106 ] [10*3ﬁ 10" ]
~ 1eV? Experimenal O(MeV — GeV)
anomaly motivated Less theoretically motivated but
see next slide! phenomonologically rich at
\J SBL and Beam Dump experiments. \
O(keV) Scale  Decays of heavy steriles..etc.. GUT scale
Potential warm Give rise to small
dark matter candidate. SM neutrino mass
via SeeSaw
mechanism

12
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New physics, where is it lurking?

[Scale of new physics (in GeV)]

O(100eV — 100keV)

Kinks in the end points of O(TeV)
SM V?;2 Kurie plots in beta deacy of Explanation of leptogenesis by decays
Scale '%TRe, *H,%*Ni,*8...etc.. or ¢scillations between heavy steriles.
Ac])essible at current colliders energy!

(;an avoid T
[10—7_>_10—-4] MUYV bounds [ 102 N 104]

(10-6 ] [10*3ﬁ 1" ]

~ 1eV? Experimenal O(MeV — GeV

anomaly motivated Less theoretically motivated but
see next slide! phenomonologichlly rich at
\J SBL and Beam Pump experiments. \
O(keV) Scale  Decays of heavy|steriles..etc.. GUT scale
Potential warm Give rise to small
dark matter candidate. SM neutrino mass
via SeeSaw
mechanism

13
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Experimentally Driven Low-5cale Physics
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New Physics?

~ (0.1 — 1eV2)]

“?[Reactor Anomaly }?r_\ / ,,_%MiniBooNE Anomaly]:
1 : L /__ 25 Iii ’?.aft:'-‘mu
: L T 0 v, from K
s v, from K°
09— B =° misid
= A~ Ny
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pa — Total Bac F
3—00 cvidence
p7i evidence
behLLLL | 11 1111] L L1111 | 3
\ : Reactor To Dalocl:r%istame(m] e ) \ E%E (GeV) )
Take home message; "There is enough experimental evidence to

warrant questioning our assumption of unitarity”
14
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Non-Unitarity Oscillation Probability

2
This term not necessarily o or1in
/ appearance and disappearance

experiments respectively.

P(5 = 5) =

> UpiUai
1=1

L
— 4ZR€(U5¢UEJ-UQ7;U;]-) sin2 (Ami 1E )
i<j v

L and E  independant.
I ) “Zero-distance” or “Instantaneous

(—) L
+ 2 Z Im(Up;Ug,;UaiUy;) sin (Amz " oscillation probability

— TR,
1<)

Can re-parametrize all observed three neutrino
amplitudes to non-unitary oscillation probability
and refit to global data

15
NuFact 2016 Mark Ross-Lonergan 25th Aug



Non-Unitarity Oscillation Probability

2
This term not necessarily o or1in
/ appearance and disappearance

experiments respectively.

P(5 = 5) =

> UpiUai
1=1

L
—4 RG(U Z‘U*-UaiUZ-)SiHQ (AmQZ )
; S J 4B, L and E_ independant.

I “Zero-distance” or “Instantaneous

(—) . o\

+ 2 ; Im(Up;Ug,;UaiUy;) sin ii5E " oscillation probability
1<J

Can re-parametrize all observed three neutrino

amplitudes to non-unitary oscillation probability Non-unitarity does

and refit to global data not modify
frequency, fix to
global best fit values
E.g Reactor 7, — 7, disapearance Q Leading term
If amplitude 2
— — N\ s . Am,_L

observed, P, — 7U,) =1 —sin” 263 sin ( Vo8

experiment cannot - compare

tell if unitary or P A~ N

2 2 2
non'unitary — (|U€1|2 L3 |Ue2|2 + |Ue3|2)2 1— 4 (|Uel| + ‘U62| ) |Ue3| iy (AmgeL)
([Uer|? + [Uea? + |Uea?)* 4E,

16
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Theoretical Geometric Bounds

) ) o / Ut'| Uf’2 U(’3 e U{'N\
If non-unitarity originated fronfl an Uy Uy Uzl Upn
extended sector, extra correlations exist Url Ur” Ualone U

between parameters

\Uss Voo U - U]

e Form Cauchy Schwarz inequalities using new sterile elements
UeaUpiy + -+ UenUpn | < (1Ueal® + -+ |Uen|*) (1Upaf* + -+ [Upn ?)
and as total N x N mixing matrix is unitary,
wsl” < (1= |Uet]® = [Uea|® = [Ues|*) (1 = [Upa|* = [Upa|® = |Ups|*)

|U(31U;1 + UEQU;Q + UPS 13
< O(e?)

Analagous to how disapearance
experiments can bound appearance

2 ilUail* <La=ep,7 . . |
Yoo [Uei|* € L =1, 2,8 rates in 3+1 sterile scenarios.

Physically interesting subclass

17
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U, Element's 30 Ranges (Unitary Case!)
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U

PMNS

Element's 30 Ranges
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UF,MNS Element's 30 Ranges

-=-- with Unitarity -

4 F @ e w/o Unitarity

RIS R 8
e e v e ]

Reactors SBL
Reactor LBL ' golar CC/NC Ratio  7.Disappearance

v.Disappearance".
/ MINOS/T2K
; Tyt -7 v, Appearance

MINOS/T2K

v,Disappearance

. OPERA and SK

v, Appearance

Solar NC fluxes
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Constraining Sterile Neutrinos at Short Baselines

A lot of experiments have run that are sensitive to new low-scale physics.

“Would they not have seen such a large unitarity violation?”

v, Dis v: App SBN
10°

Oscillations 107
fully averaged

out 10

107"
-2
Spectral 10
Distortions
102
107 .
Experiment \

No Oscillations

Taken place yet
22
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Effects of non-unitarity at Short Baselines

|deal Scenario

(What we've done so far)

Measure precisely the
mixing elements to check
unitarity conditions l Ignore

/Uel UeQ UeB
U'rl U’c2 U’L‘?)

Direct observation of PMNS elements

Do not care about what causes
non-unitarity.

Very model independent.
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Effects of non-unitarity at Short Baselines

ldeal Scenario Adding SBL data

(What we've done so far)

Use
Measure precisely the non-measurement
mixing elements to check .to bound violations of these..
unitarity conditions l Ignore of unitarity here l

UeN

U T™N

/ Ue | UeQ UeS
UN I U.UQ Uxu 3
U Tl U’c2 U 73

\Us,,_l Us,2 U,z -+ Uan)

No longer measuring 3x3 matrix, using inferred

Direct observation of PMNS elements information!

Do not care about what causes Not model independent, depends on assumptions
non-unitarity. on new physics interactions

Very model independent. Only valid in 3+N interpretation

24
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Uouins Element's 30 Ranges
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w /o Unitarity
|U| (with Unitarity)

30

/0.76 — 0.85
(0.79—0.85)

0.21 — 0.54
(0.22—0.52)

0.18 — 0.58
\ (0.24—0.54)

NuFact 2016

[ 30 ]?{a,ngeswJ

0.50 — 0.60
(0.50—0.59)

0.42 — 0.70
(0.43—0.70)

0.38 — 0.72
(0.47—0.72)

Mark Ross-Lonergan

0.13 — 0.16
(0.14—0.16)

0.61 — 0.79
(0.62—0.79)

0.40 — 0.78
(0.60—0.77) )
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Unitarity Triangle Closures

Unitarity Triangle Closures

99— 3o

] ] 1 T T I ROWS T T T ] T | I " " T 1
SFrll.qngly, two | af—ep 30
distinct groups | — af=er ,";" !
immediately jump — af=pT g )
]
out. gk ;glumns ”' !
- {1 9=12 f" .
w [ -0 ij=13 0o
> . "3
<1 L._..-" .. 03=23 [ o L. b G
i’ 11
I/
3 /
7/
/
Only VeV, triangle is £ "
known to be unitary at
0 - nr L 1 L
~1% level. 1072 g 0.5
UaUs* +UnoUs™ +U,sUz" | or | |[UU,;* +U U, +UU,* |
Due to strong v -v,_ Rows Columns
appearance and Ve All remaining triangles contain at least one
disappearance r-element. Non-unitarity constrained an order of
bounds magnitude worse than v_v triangle.
27
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Neutrino Normalisations

Normalisations

" TRows
—_— =€
— a=p
p—
Bl Columns
-- i=1
-- i=2

4 == 4=3

0 |
16>

1=([Uy* +1U,l* +1Unsl*)

Rows

v

or 1_(’Uez‘[2 ‘*‘[Um‘[? ""Un'[?)
Columns

Only v_and v, normalisations are known to
be unitary within ~ 7% at 30 level.

NuFact 2016

Mark Ross-Lonergan

Again, two distinct
groups immediately
jump out.

All remaining
normalisations contain
at least one r-element.
Unitarity constraints
an order of magnitude
worse than v_and v,
v_normalisation allows
30% violations at 2o

28
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905% CL Constraint Regions .. as the scale drops

0.9979 — 0.9998 <1075 < 0.0021
uUt| = <107° 0.9996 — 1.000 < 0.0008

MUV < 0.0021 < 0.0008 0.9947 — 1.000

SCHEME
Valid m > A, \

Worst constraint

As scale of possible new physics

~0.5%
drops lower we lose more and more
applicable bounds...
Validm >01eV
0.95 —1.00 < 0.02 < 0.07

UUT|=| <002 096—-1.00  <0.06

< 0.07 < 0.06 0.76 — 1.00 >

Worst constraint
~25%

29
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What can be improved?

Upcoming: NOVA & T2K increased statistics v —wv_.

JUNO, RENO-50, HYPER-K.. DUNE

Future: ‘Zero-Distance’ effect so no near/far ratio usable.
So a Huge benefit in a precisely known flux... NuFactory,
NuStorm, (NuPil?)

Far (far) Future Muon disappearance on solar mass scale, 15,000 Km/GeV ?
High statistics and v —v_(and v_—v ?) appearance?

Tau disappearance

.and beyond?
(possibly beyond feasibility, all ideas welcome!)

30
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Conclusions

B Current experimental bounds on unitarity within the 3v paradigm allows for

considerable violation, and without the unitarity assumption, the precision
on the individual U, - elements can vary significantly (up to 104% in the
case of [U_|).

However we find no evidence for non-unitarity.

| Only 1 triangle-closure (and 2 normalisations) are constrained to be unitary
to within the percent (10 percent) level with the remaining at least an order
of magnitude worse.

Prospects of directly measuring the 12 unitarity conditions with high
precision is poor, as even vast improvements on v and v_normalisations
and v v, triangle are still constraining the same elements.

There is much room for new physics, especially in the v_sector where
currently almost all information is derived from the unitarity assumption and
not direct measurements
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Experiment Measured quantity with unitarity | Without unitarity Normalisation

Reactor SBL

T ) AUes|* (1 = |Ues|?) = sin? 2015 4|Ue3|? (|Uer]? + |Ue2|?) (|Uei? + |Ue2|? + |Ues|?)?
gia‘if’;})‘BL 4|Ue1|?|Ue2|? = sin® 20,5 cos* 0,3 4|Ue1 [|Ue2/? (|Uf?1|2 + |Ue2* + |U“3|2)2
SR§80§¢C(;/¢NC 175 e? O i s Uz |? Ue2|? + [Up2|? + |Ur2|?
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TABLE I: Example experiments and the leading order functions of Upning matrix elements they measure, in both the unitary
and non-unitary case, as well as in the standard three neutrino parametrization in the case of unitarity. The third column
shows the normalisation that can be bound if the experimental measurements of the fluxes and backgrounds are known to a
high enough degree.
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