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@ Swmall Neutrino Masses

s “Technically natural” in t Hooft sense. Small values
protected by symmetry. At acut-off scale A :
“natural” - 8m; ~ g2/(16m2) m;In(A2/my?)
“unnatural” - §mg2~ - y,2/(8n2) A2

« Two ways to generate small values naturally :

“* Suppression by integrating out heavy states:
the higher dimension 1/A», the lower A can be.

“* Suppression by loop radiative generation:
the higher loops 1/(16m2)», the lower cut off scale




% Neutrino Mass Models

o Lowest higher dim. operator O9=° : Ly_5 = z=LLHH
Weinberg, PRL43 (79) 1566
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o Realization of Weinberg op. —

» See-saw: there are many seesaw realizations —

* Type-l  Minkowski (77), Ramond,Slansky (79), Yanagida (79), Glashow (79),

Mohapatra, Senjanovic (80)
* Type-ll  Schechter,Valle (80), Lazarides, Shafi, Wetterich (81), Mohapatra, Senjanovic {31}
* Type-lll  Foot, Lew, He, Joshi (89), Ma (98)
* Linear, Inverse, etc ..

» Loop-induced:
* 1-loop  Zee (80), Ma (99)
* 2-loop  Babu(88) 12/4/2019



@ Seesaw Models

A natural theoretical way to understand why 3 v-masses are very small.

Type-I: SM + 3 nght-handed Majorana v’s
(Minkowski 77; Yanagida 79; Glashow 79; Gell-Mann, Ramond, Slanski 79; Mohapatra, Senjanovic 79)
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Type-II: SM + 1 Higgs triplet
(Magg, Wetterich 80; Schechter, Valle 80; Lazarides et al 80; Mohapatra, Senjanovic 80; Gelmini, Roncadelli 80)

Type-III: SM + 3 triplet fermions
(Foot, Lew, He, Joshi 89)



Many models of ", ——— Which is the true one ?



1.Can we test / falsify these models at the experiments ?

2.Can we explore the new Physics Scale M ?




\
¢ Testing TYype-1 Seesaw Experimentally

[Keung, Senjanovié (PRL '83); Datta, Guchait, Pilaftsis (PRD "94); Panella, Cannoni, Carimalo, Srivastava (PRD "02);
Han, Zhang (PRL "06); del Aguila, Aquilar-Saavedra, Pittau (JHEP '07); Atre, Han, Pascoli, Zhang (JHEP '09)]
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1 Need (sub)-TeV scale heavy neutrinos with ‘large’ mixing with active neutrinos.




\
¢ Testing nverse Seesaw Experimentally

[del Aguila, Aguilar-Saavedra (PLB '09; NPB '09); Chen, BD (PRD '12); Das, Okada (PRD '13); Das, BD, Okada (PLB '14);
lzaguirre, Shuve (PRD "15); Dib, Kim (PRD "15); Dib, Kim, Wang (PRD "17; CPC "17}; Dube, Gadkari, Thalapillil (PRD "17)]
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[CMS Collaboration, Phys. Rev. Lett. 120, 221801 (2018)]




& Testing Type-1l Seesaw at the LHE
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Rizzo (1982); Huitu, Maalampi, Pietila, Raidal (1997); Gunion, Loomis, Pitts (1996); Akeryod, Aoki (2005); Han, Muk
Ci, Wang (2005), N. Sahu, Uma Sankar (2005); Sarma, Devi, Singh (2007); Chao, Luo, Xing, Zhao (2007); Perez,
Li, Wang (2008); McDonald, Sahu, Sarkar (2008); Chiang, Nomura, Tsumura (2012); Dev, D. Ghosh, Okada,
Nayak, Parida (2015); Cai, Han, Ruiz (2017),Babu , Jana (2017)
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¢ Doubly Charged Higgs Phenomenoiogy

» Doubly Charged Scalars appear in neutrino mass models :

-t
T . P \

e Radiative Neutrino Mass Model '
(Babu 88; Zee 80) ! , :

* Type II Seesaw Model ag, :
Wetterich 80; Schechter, Valle 80; Lazarides et al 80; ( §>
Mohapatra, Senjanovic 80; Gelmini, Roncadelli 80)

{eto
e

o Left Right Symmetric Model M
(Pati, Jogesh C. et al. (74), Mohapatra (75), Senjanovic, _ T
VEV = >

e Little Higgs Model o
(Arkani-Hamed, N. (2002) ) b1 ,’/ v

* Dimension 7 Neutrino Mass v [
Model n*
(Babu, Nandi (2009)) H\\

e Georgi-Machacek Model .

( Georgl, Howard et al.(85))

e Other Models /
( Gunion (90), etc.)




\
¢ Testing Type-lil Seesaw at the LHC

@ Multi-lepton signatures. [Franceschini, Hambye, Strumia (PRD '08); Li, He (PRD '09); Arhrib, Baje, Ghosh, Han,

Huang, Puljak, Senjanovié (PRD "10); Ruiz (JHEP '15)]
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& Testing Seesaw with dim=3 operator at the LHC

5530 Discovery Reach ¢og =100 [NH] 553 Discovery Feach (v, =501077 K10

1K
Myes [GeV] My [GEV]

@ Discovery potential upto 450 (950) GeV at 100 (3000) fb=! for /W
dominated region Discovery potential upto 500 (950) GeV at 100 (3000)
fb~! for /W dominated region

@ Discovery potential upto 350 (700) GeV at 100 (3000) fb—1 for WWW
dominated region

@ Covers the whole area available for AM > () scenarios

@ Similar results for NH and IH T. Ghosh, Jana, Nandi (2018)
K. Ghosh,Jana, Nandi



Future displaced vertex search

 Displaced Vertex Signature - ¢
_ - - > O(0.1)mm
%
<€

>

» Low Standard Model Background
» ldeal for new physicssearches

 Future Displaced Vertex Searches at IIHC

J.Chou, D. Curtin, H. Lubatti
arXiv: 1606.06298
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Future displaced vertex search
+ Future Displaced Vertex SearchesatHC LSM

» Rare SMHiggs Decay
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D. Curtin, M. Peskin (2017)
D. Curtin, K. Deshpande, et.al (20
SJ, N. Okada, D. Raut (2018)

X Mitra et al. (2018)




Displaced vertex search for type III seesaw

SJ, SJ,N. Okada, D. Raut (2019)
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Displaced vertex search for type Il seesaw

SJ, N. Ok
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Scale of Seesaw Mechanism

** Despite numerous searches for neutrino mass
models (at TeV scale) at high-energy colliders, no
compelling evidence has been found so far.

*» Is it really sufficient to search for new physics scale
behind neutrino mass generation mechanism at
LHC only ?

“* The new physics scale behind neutrino mass

generation mechanism might be at low scale and

which is less sensitive to high energy collider
experiments

» It may show up at low energy neutrino experim
at near future.



Scale of Seesaw Mechan

“* Despite numerous searches for neutrino »
models (at TeV scale) at high-energ
compelling evidence has bee-

“ Is it really sufficient te S SC
behind neutripe anism a

ale behind neutrino mass
anism might be at low scale and
ess sensitive to high energy collide /
experiments
It may show up at low energy neutrino exper
at near future.



Three-neutrino oscillation:
Not the full picture?

Long and Medium
Baseline
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LSND detected more v, than expected :

87.9+22.4 + 6.0 events
3.8 o0 excess

\

Liquid Scintillator Neutrino
Detector (LSN D) Cherenkov : Scintillation = 1:5

\ 0.8 GeV proton beam

water target
beamstop

Sc'i{_n_tillation
v (‘m /"; O
— — > Time
capture on

LSND neutrino source

+ DAR
— — VvV, L
P
—
DIF
800 MeV or — T ——
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DAR of w~ competes with i+ (A, Z) — v+
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Signal: et and 2.2 MeV 7Y
Scatter + neutron absorption

Observed 90 events
Expectation of 0 events

3.80 significance

LSMND Detector \Water Plug Electronics
and Veto System Caboose

oscillate?

P... = sin? 260 sin

LSND Collaboration



EventsMeV

EventsMeV

MiniBoolNE 1207.4809

:_}_. Neutrino ]
= + = Data (stat err.) ]
] vs frompu™ -
1 v, from K™ E
— ., from K° ]
l B <" misid -
1 a— Ny .

I dirt

=3 other -
—— Constr. Syst. Error ]

Antineutrino

*Neutrino and anti neutrino modes see
excesses of v, and v, (Combined is also
3.8 0 excess )

P

_—

/ Booster

piss? Magnetic Decay Absorber  Dirt Detector

focusing horn region

To test the LSND indication of anti-electron
neutrino oscillations

Keep L/E same, change beam, energy, and
systematic errors

Baseline: L = 540 meters, ~ x 15 LSND
Neutrino Beam Energy: E ~ x (10-20) LSN

Different systematics: event signatures a
backgrounds different from LSND High
statistics: ~ x 6 LSND

Perform experiment in both neutrino an
anti-neutrino modes.



MInlBoONE'S Low Bnergly Bxcess

Target Decay Pipe Beam Dump

m Uy
p—- .—————— — — — — — e —— — e —
Bel  Air
' 50 m " 4m
b g _ oscillate?
H » 1/
o~ @— e e
v

10** POT, E, =9 GeV
Energy and baseline chosen to test LSND

Comparable oscillation probabilities



MimiBooNE’s Low Energy Excess

MiniBooNE Collaboration!i

> FT v v T T T 0 o
s | o Data(sta
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< QObservation of a Significant Excess of af=s 5 i _r}ni
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< Double neutrino-mode data in %
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https://arxiv.org/pdf/1805.12028.pdf

what s golng on???

what s the nature of the excess?

Possible detector anomalies or reconstruction problems?
Incorrect estimation of the background?

New sources of background?

New physics tneluding/excluding exotic oscillation scenarios?
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“ What about eV Sterile Neutrino
Interpretation ??7?

Beyond three-neutrino oscillations
« We can add a forth neutrino

 This neutrino must be sterile, which means itis a
singlet under all standard model gauge groups

e A forth active neutrino is =
excluded by observations < |
- - - b—: 30 - ALEPH
of invisible Z-decays . DELPHI
| L3
ete” = Z — Z Vj w| OFAL ,
j:e“u,"r :+ averige measurements, /
[ eorban inreased /
10 |
0 Y e

Phys. Rept. 427 (2006) 257, LEP
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% What about eV Sterile Neutrino
Interpretation ??7?

Effective 3+1 oscillations
We extend the mixing matrix

Ue1 Ue
Uel UE'.Z UE3 94 ! U 2

Ur1 Usr2
U U. U. T T
71 T2 T3 US]. USZ
APPearance = DISappearance
2
PSRBT ~ sin?(20,5) sin? (M PSBL ~ 1 — sin?(26044) sin® &_Té_lé
' _
sin?(20a5) = 4|Uasl?|Upal? sin®(20aa) = 4|Uaal®*(1 — [Uaal®)
Vy —7 Ve ! Sinz(zgﬂwe) = 4|Ue4[2|U#4|2 Ve —» Ve |Ue4|2 = sin® 614

@Reactors and Gallium
@LSND, Karmen, MiniBoone, o .
Opera vy —> vy |Upa|® = sia
@atmospherics an
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% What about eV Sterile Neutri
Interpretation ??7?

AmA L
PBL = 1 U 21— Ve ) sin? |
4K (m,)'—
Am? L
PSBL _ 410, PUf? sin? ( iz )
sin?20 . =4|U,, U, |? (m—
(my)'—
(m,)'—
Leads to v, Leads to vy

disappearance disappearance
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% What about eV Sterile Neutrino
Interpretation ??7?

Sin“28 , =4|U |2

| e4 |,l4-’
!

Leads to vy to v,
disappearance

* 2variables: U, U,
* 3 datasets: v - Disappearance
v,- Disappearance

V.- Appearance | Disappearance

= Free Fluxes
- — - Fixed Fluxes

1007
1074 1073

Mona Dentler et al. JHEP 1808 (2018) 010



% What about e’V Sterile Neutrino

Interpretation ???
sin“28 , =40, U, |’

101
4.7 © tension between
Appearance and =
Disappearance da.ta sets *‘g .
under eV sterile
Interpretation
1071

Mona Dentler et al. JHEP 1808 (2018) 010
Collin et al. 1602.00671
Gariazzo et al 1703.00860

\

Appearance
; N

;::::3*
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| Disappearance

— Free Fluxes
— — - Fixed Fluxes

10~

1077




Shortcoming:
Failure to accommodate
MimiBooNE low-energy excess.

Events/MeV

[ 3+1 BF Signal

1 342 BF Signal

[—1 3+3 BF Signal
® Data

I Background

—

MiniBooNE v mode

Energy (MeV)

D. Cianci, et al. (Talk presented at Applied Antineutr
Physics Workshop 2018)



% What about eV Sterile Neutrino Interp
Sterile neutrinos require  sin®26,. > 107° | my < few eV

Generic early universe thermalization

\

Excluded by BBN/CMB Neg = 2.99 +0.17 Planck 1807.06209

Unless max temperature satisfies Tmax S 15 MeV



Q Explanation of MiniBoo
low energy excess

Sterile v at the eV scale present strong tension betwe
Cosmological bounds further threat the eV sterile v hyp

[s there an explanation that is not ruled out?

[s there a “real model” for these explanations?

Can this relate to any of the theoretical problems of t




+ Explanation of MiniBooNE’s low energy e

Interaction  track Cherenkoy

v,CCQE i
v“+n—>p+lu‘ «
® — Electron
» MiniBooNE is a mineral oil (CH,) detector that can zefnc—?ie- M
observe Cherenkov radiation of charged particles. R
Neutral pion
» Crucially, it could not distinguish electron induced
Cherenkov cones from photon induced Cherenkov cones. NCn° ’ M(
viN-y+N+70 o::’__ |
» Excess 1s correlated with beam in power, angle and timing. It *‘*ﬂv

1s present in positive and negative horn polarities. It is not
present in beam dump configuration




MimiBooNE’s Low Energy Excess

MiniBooNE Collaboration!i
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https://arxiv.org/pdf/1805.12028.pdf

< Explanation of MiniBooNE’s low energy exc

» Angular spectrum 1s forward, but not that
much

» Scattering on electrons would typically lead
to cos@ > 0.99

» Decays of imnvisible light (<10 MeV) particles
produced in the beam would also lead to
forward spectrum

» The Cherenkov and scitillation hight emitted
by charged particles traversing the detector
are used for particle identification and
neutrino energy reconstruction, assuming the
kinematics of CCQE scattering.
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MiniBooNE’s Low Energy Excé

Neutrino mode only Both excesses, BG s
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2my, Ee +m2 —m;, —m?
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E{Ereconst.) _

Measure charged lepton energy/angle
Observed ~ 400 events, PMNS predicts O

Combined v /7 modes : 4.80 excess



Possible Explanations: Motivated by backgrounds

400

300

MiniBooNE Collaboration hep-ex/1805.12028

Neutrino

—4— Data (stat error)

e o

ll]llllll
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B airt
- other
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MimiBooNE’s Low Energy kExcess

Intrinsic v_ in the beam? Constrained by
mea:;urmg v, whlch come from the Sa

n° misidentification? In which the second sh
was missed or incorrectly reconstructed. Min
measured the largest sample of NC z%events eve
Collected and used this is constrain the exact rate.of
x°'s for the CCQE analysis.

Radiative A decay? This has never be

7° measurements whlch agrees
theoretical calculations. The bigg
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+ Explanation of MiniBooNE’s low en

A LIGHT DARK SECTOR - THE IDEA
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+ Explanation of MiniBooNE’s low en

A LIGHT DARK SECTOR - THE IDEA

»There 1s a dark sector with a novel interaction
» Right-handed neutrinos are part of the dark sector
and are subject to new interaction
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+ Explanation of MiniBooNE’s low en

A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel mteraction

» Right-handed neutrmos are part of the dark sector and are subject
new Interaction

» Mixing between RH and LH neutrinos leads to interaction in active
neutrino sector
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+ Explanation of MiniBooNE’s low en

A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrinos are part of the dark sector and are subjec
Interaction

» Mixing between RH and LH neutrinos leads to interaction in active
sector

» Mixing between Zp, and photon leads to interaction with protons




\

“ Explanation of MiniBooNE's low energy e
A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrinos are part of the dark sector and are subjec
Interaction

» Mixing between RH and LH neutrinos leads to interaction in active
sector

» Mixing between Zp, and photon leads to interaction with protons

V
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+ Explanation of MiniBooNE’s low en

A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrinos are part of the dark sector and are subjec
Interaction

» Mixing between RH and LH neutrinos leads to interaction in active
sector

» Mixing between Zp, and photon leads to interaction with protons




“ Explanation of MiniBooNE’s low energy ex
A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrinos are part of the dark
sector and are subject to new interaction

» Mixing between RH and LLH neutrinos leads to
Interaction 1n active neutrino sector

» Mixing between Zp and photon leads to
interaction with protons

» Relevant part of the Lagrangian :

2
?’RZP

Lp D 5

ZD;_LZ% -+ QDZ% J'p‘u, =+ ee Z% Jﬁm




% Explanation of MiniBooNE’s low energy ex
A LIGHT DARK SECTOR - THE IDEA
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% Explanation of MiniBooNE’s low energy ex
A LIGHT DARK SECTOR - THE IDEA

Events

enof-4 arxiv : 1805.12028

500 =

400 |
300

200

100

o 50 100 150 200 250 300 350 400
m,., (MeVic®)

If e*e” pair is collimated (cosO.. > 0.99-ish), it will be classified



% Explanation of MiniBooNE’s low energy ex

A LIGHT DARK SECTOR - THE IDEA

Events

§ § 8§ 888 88 3

Neutrino

IIIIIIIIIIIIIIIIIII1I|IIII|III1|IIII|IIIIIIII

-1 -0.8 -0.6 -0.4 -0.2 O

We have to get this angular spectrum

arxtv : 1805.12028

._I_

02 04 06 08 1
I:'DEHE




% Explanation of MiniBooNE’s low energy ex
A LIGHT DARK SECTOR - THE IDEA

V beam axis

TEE I N S S S S . .
------

(1) N, should be heavy (> 100 MeV) so its decay products are not so booste

(2) Z, should be light (< 60 MeV) so that the e*e” pair is collimated



% Explanation of MiniBooNE’s low energy exc-

Fit to energy spectrum only
(Ofticial MB data release)

Benchmark Points :

EventsMeV
= ot %] [F¥] 4 [¥]

- Antinentrino mode
my = 420 MeV el
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Bertuzzo et al 1807.09877 o rom i
See also Ballett et al 1808.02915 N §
for different realization of the mechanism 1o 0> E(:jﬂ 0> Lo
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Model Independent Constraint
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» Z,phenomenology is similar t

» LHC constraints are not ¢
below 1 GeV



% Explanation of MiniBooNE’s low energy e

F MiniBooMNE: iz, = 30 hMeW

-1 [
1C E Lo momemm <o oz, = 025
(ks = 210719

F paaam e RN S0
102 e 3o

10— L

U
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Bertuzzo et al 1807.
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3

Region of our model in the |i'l,ﬁt..4|2 versus ., plane
satisfying MiniBoolNE data at lo to 5o CL, for the

hypothesis mz, = 30 MeV, az, = 0.25 and ae” = 2x 10717,
The region above the red curve is excluded at 99% CL by
meson decays, the muon decay Michel spectrum and lepton

universality



Conmnection to Neutrino Ma
Generation Mechanism




“Standard/Type I Sees

yNH( + MyNN

vyl HVH
Mpn

S A e N e

Lepton nuonnber is brokemn at very ]hlfug]hl SC



Inverse Seesaw

[Mohapatra, 86]

VEHL VA L A, [Mohapatra,Valle, 86]
m —
Y o > 9
Y20
U, U¢ Pseudo-Dirac o

,y2,U2
m, ~ 5
my

* Why tis much snnaller than TeV scale?
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Scale of Seesaw Mechanism

» Seesaw | mechanism with TeV scale heavy neutrinos

o Standard Seesaw with small Yukawa couplings

Y, =~ 1075 /My /TeV, ‘

o “Bent” Seesaw | mechanisms (e.g. Inverse Seesaw)

Decouple A ny from
heavy neutrino mass

Example

0 Y,(HY O
Y, (H) U M
0 M 7]

Large Yukawa
couplings ~ 1072
Quasi-Dirac heavy
neutrino

my .y [GeV]

104k v, (H) = 102 GeV

04 M =103GeV

108
106
10'y Quasi-Dirac
l0°rMajorana Neutrino
10
10-2
1074
107¢
10-8
10-19¢

100 10* 108 10° 10!

it [GeV]

10°% 10°° 107* 107% 10

IR |
10Y= ot




Scale of Seesaw Mechan

“* Despite numerous searches for neutrino »
models (at TeV scale) at high-energ
compelling evidence has bee-

“ Is it really sufficient te S SC
behind neutripe anism a

ale behind neutrino mass
anism might be at low scale and
ess sensitive to high energy collide /
experiments
It may show up at low energy neutrino exper
at near future.
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Neutrino masses from light phy s

In an effective theory, the Lagrangian should be described as
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Scale of Seesaw Mechani.
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| ! ! fip 5y
L ¢ ks ¢}
| 2 .
! ! ! Neutrino masses from D=9 operator
v N N N N

All scales involved may be below electroweak

Light Zp, V-N mixing, Zp-V-N coupling, kinetic mixing unavoidable




Gauge U(1)p: SM has no charge, RH neutrinos N have charge +1

Anomaly cancellation: N’ with opposite charge should be included

anomaly cancellation is
a requirement to have
a consistent QFT

My:

m and M are forbidden by dark symmetry, they need to be

Walks and quacks like inverse seesaw

O 7 0 v 0
m 0 M N + = m, =
0O M u N° —

generated dynamically

‘]’TI-E

Ve




Minimum scalar content

O 0
y(bl P = doublet with dark charge +1
O N s2 = singlet with dark charge +2

0 M y'so

Add s with charge +1 and something special happens:
@D, and sz start with no vevs, s| develops a vev like the Higgs

S| S| S| H
x“i "'x x“'\- I"x
v’ v P and s2 vevs are induced, like in
. - type |l seesaw, and thus can be
s 52 . D naturally very small! 7
| | | B




Minimum scalar content

0 YP1 0
Mu — yq‘g’l

0 M
0 M @

Add s| with charge +1 and something special happens:
@ and s2 start with no vevs, s| develops a vev like the Higgs

@D, = doublet with dark charge +1
s2 = singlet with dark charge +2

SI S| SI H
xﬂ- i’x xi J’x
H“ "f '\-“ '*-F . l l
‘o’ v’ @, and sz vevs are induced, like in
: : type |l seesaw, and thus can be
| |
!

' 52 : O naturally very small!
| |

Bertuzzo et




Minimum scalar content

0 v y L,=—1y,LoN +yy Sy NN+ S5 N'N'
M, = 1h1 v=""Yv YN 02 Yn' D9

0 M _
0 M @ +mN'N®+h.e.

Add s| with charge +1 and something special happens:
@, and s2 start with no vevs, s| develops a vev like the Higgs

S| S| SI H
x‘-‘ﬁ f'*x x““ I*‘x
Te R P, and s2 vevs are induced, like in
. - type |l seesaw, and thus can be
' S) ol naturally very smalll
| |

Bertuzzo et




Inverse Seesaw

[Mohapatra, 86]

VEHL VA L A, [Mohapatra,Valle, 86]
m —
Y o > 9
Y20
U, U¢ Pseudo-Dirac o

,y2,U2
m, ~ 5
my

* Why tis much snnaller than TeV scale?
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Vacuum Expectation Values

V = —my(H H) +mi(¢'¢) — miS]S1 +m3555s
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< Phenomenology on other neutrino experimen

MiniBooNEFE’s signature: Collimated
e+te pair in MINOS+, NOVA, or T2K is
likely be tagged as ve event

General signature:
Heavy enough Zp can decay to pu+u- or 14 meters
JTHTT pair, much easier signature
(MINOS+ is magnetized...)

Lower energy experiments (reactor and

W
3
O
—
O
.
0

solar neutrinos) as well as electron i
scattering may lack energy to produce N T,



Novel explanation of MiniBooNE
Agreement with all EXP data
Novel, simple frameworks

Deep connection to neutrino mass
generation mechanism

A realistic “complete” model
below EW scaleto explain
neutrino mass generation

Solves the hierarchy of Inverse
Seesaw

Rich phenomenology

Events

Events/MeV

EventsMeV
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MimiBooNE’s Low Energy Excess

MiniBooNE Collaboration!i

% e-mtee 0 e Data(stal
e " ] vefomy
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| : \ I dirt
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observedalarge @ <~ """""""""="- "\ 3 et ] e Best Fit
excess in the much \ | J
lower energy region N\, ) I H- /
v
.
1 i
H.E 0.4 0.6 0.8 1

This is the region that
the LSND oscillation
should have appeared

<
<


https://arxiv.org/pdf/1805.12028.pdf

MiniBooNE’s Low Energy Excé

Neutrino mode only Both excesses, BG s
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Measure charged lepton energy/angle
Observed ~ 400 events, PMNS predicts O

Combined v /7 modes : 4.80 excess



Possible Explanations: Motivated by backgrounds

400

300

MiniBooNE Collaboration hep-ex/1805.12028

Neutrino
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MimiBooNE’s Low Energy kExcess

Intrinsic v_ in the beam? Constrained by
mea:;urmg v, whlch come from the Sa

n° misidentification? In which the second sh
was missed or incorrectly reconstructed. Min
measured the largest sample of NC z%events eve
Collected and used this is constrain the exact rate.of
x°'s for the CCQE analysis.

Radiative A decay? This has never be

7° measurements whlch agrees
theoretical calculations. The bigg



* Explanation of MiniBooNE’s low energy ex
A LIGHT DARK SECTOR - THE PRESCRIPTION

o How low-energy does the subleading electron have to be in an e'e” pairin order

for an "Asymmetric’ pair to look like a single ring? E. .<30MeV

o How small an opening angle does the €'e” pair have to have before it is
‘Overlapping’ sufficiently to look like a single ring? Oep< 5’

o When forcing a two-ring fit to an event, the associated invariant mass should be
sufficiently non-z° like: m_ <80 MeV



Neutrino Mass ===) New physics be}>0nd S

Masses (eV)
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“Standard/Type I Sees

yNH( + MyNN
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Lepton nuonnber is brokemn at very ]hlfugh sC



< Phenomenology on other neutrino experimen

U(1)' models in Future and Current LArTPCs

This class of models has has incredibly rich

phenomenology at LArTPCs such as MicroBooNE, SBND or
the DUNE near detector:

LArTPCs have the distinct advantage that one can tell
photons and electron showers apart via two methods:

e Directly look for the conversion gap
£ <
e
Xo;g

e Use Calorimetric measurements to see rate of
energy deposition (dE/dx). Photons that pair convert
to e'e” deposit x2 as much energy.

(()
7
o,
)




“+ What happens at the SBN program?

V beam axis

v No baseline dependence T VI oo o

v' Almost no hadronic activity
to tag interaction vertex

v' Decays to collimated ete” pairs Shifs I

v More events due to coherence: _ L
I_h‘t[lﬁ _~5ee, HY, T T

V " (always same flavor)
v «Cvs gAr ~ 3 times more events | AY;
™, J':n_ _;.
for same exposure little or no

hadronic activity

v Hard to probe !!!




Severe Constraints on New Physics Explanations of the MiniBooNE Excess

Johnathon R. Jordan,"* Yonatan Kahn,>** T Gordan Krnjaic,’- ¥ Matthew Moschella,> ¥ and Joshua Spitz":

'Universiry of Michigan, Ann Arbor, MI
2Princeton University, Princeton, NJ
3Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL USA

*University of Illinois Urbana-Champaign, Urbana, IL USA
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my < 30 MeV. As described above, the reconstructed track
angle is weighted by the track energies; by momentum con-
servation, this sum is simply the original X 4-vector, which
must satisfy cos 6, > 0.9999 in order for X to enter the Mini-
BooNE detector, a sphere of fiducial radius 5.75 m located
541 m away from the target. This is highly inconsistent with
the cos 6, distribution of the excess (see Fig. 2), which shows
significant contributions from cosf, < 0.8. In particular, a
model which matches the size of the neutrino mode excess
(381.2 events), but predicts all events to have cosf. > 0.8
is incompatible with the observed excess of 150 & 31 in this
bin (in consideration of statistical errors only; systematics and
bin-to-bin correlations are not available, noting that the angu-
lar resolution is 3-5° for 100-600 MeV electron energies in v,

statistica 172 ‘ A v X

afea utral-current =
analysis [30]. Thus, the dominant allowed channel is a two-
body decay where X decays into a lighter dark-sector state
X’ and a photon (X — X’ + ). Three- and higher-body
decays are also allowed but will be increasingly phase-space
suppressed; regardless, we consider decays to X' plus an ar-
bitrary number of electromagnetic tracks. Since the electro-
magnetic tracks must be well-collimated to contribute to the
excess, we will treat this scenario as a quasi-two-body decay,
where the electromagnetic energy is considered as a single 4-
vector ppy with 0 < pZy; < (30 MeV)2.

In the X rest frame, the electromagnetic energy is EFrv =
(m% — m%.,)/2mx. Electromagnetic energy with small in-
variant mass compared to the beam energy, emitted backwards
in the X rest frame, will be boosted to very small lab-frame

CCQE events [28]).

B. Semi¥sibly Decaying Particles

Since new particles with fully visible decays necessarily
give forward-peakkd energy depositions in conflict with the
angular distribution\Qf the measured excess, we now consider
the possibility that a ndy unstable particle X decay signature

O Type here ta search )

energies,

EgmM, 1ab =

A T w7z )

SFermi National Accelerator Laboratory, Batavia, IL
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