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Outline

* Motivation to consider dark sectors and new physics at low scales

* New hypothesis to explain old anomalies: the MiniBooNE excess

e New experimental searches and unexplored parameter space.
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Evidence for physics beyond the SM

Other shortcomings of the SM:

Neutrino Masses Smallness of strong CP phase

Higgs hierarchy problem

Fermion masses (flavor puzzle)
Dark Matter

Cosmological constant

Experimental anomalies
Baryon Asymmetry

of the Universe
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And our ignorance about the new physics scale

Simplest Type-| seesaw Lagrangian (heavy neutrinos N):

Neutrino Masses

. M
LSy (LH) N — ZENN + he.

To explain light neutrino masses (~ 0.1 eV), s (y" vEw)”
we require the naive estimates below: YT 9M Ny
Dark Matter
N2 —15 M 2 ~ —10 GeV
(y¥)" ~ 3 x 10715 24 Ul ~ 1077 57

Large hierarchy of scales? Small couplings? New symmetries?
(Mn >> EW scale)

Barring theoretical prejudice against small Yukawas, the mass of N is arbitrary.
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And our ignorance about the new physics scale

Energy density Number density

Neutrino Masses

Number of Events
|

.+.

DENAVERIEA 26.8%

+
+

Dark Energy 4 68.3%

Dark Matter

We know the energy density of dark matter and its gravitational potential...

But we do not know the number density of DM particles in the Universe.

1) What is the mass scale of DM?

See talks from Thursday

F. Calore, T. Tomei . :
J J f?
R. Henriquez & M. E. C. Catalan 2) How many dark species are there? Lots of space for dark forces and particles.
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New physics under the lamppost

Most solutions to these problems involve
new sectors of gauge singlets:

1. Anomaly cancellation in the SM is a
delicate construction.

2. New light states directly coupled to the
SM would already have been detected.

Standard Model Dark Sector

Zsm

Sf?

9
1 .
ENERGY FRONTIER *
1e-2 (LHC) Heavy NP
SM backyard
1e-4
1e-6
keV MeV GeV TeV M

W_/

Indirect tests only
(EFTs)

Accessible in current experimental program
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PORTALS BETWEEN SM AND DARK SECTOS GENERIC DARK SECTORS

LHN M ey

/’\ Heavy neutrinos 2

Neutrino portal New fundamental scale(s) in nature?

LM By X1

Dark photons Gsy X U(1)x

,VW\m New forces and symmetries
Vector portal
2 2
mg|S]|
Real or complex

T STS (H 'H ) . scalars New spontaneously

-------------- broken symmetries?
Scalar portal

Or just singlet scalars?



Minimal HNL Phenomenology P. Bolton et al. 1912.03058

P. Bolton et al, 1912.03058
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Minimal HNL Phenomenology
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Minimal dark photon M. Fabbrichesi et al, 2005.01515

W 10_2 | Ml hidden
Z/
- WV, V.Y,V ¥
10~ N
Invisible hidden
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10 ? 95% CL
. E141
107 & ’
.'. "1&0 R G2 BaBar 2017
61 24 o Y, [Haveied 90% CL
107 F CHARM o k. e
e %?. o\°
N LKB-11 A
—7 B 99.5% CL
10 " ;
E 137 SM i <— This work, 99.5% CL
10_8 =— Visible R. Parker et al, Science 360 (2018) 191
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No (concrete) evidence for light new particles so far

and several different models are proposed every single day.

How to proceed? One option is to take a data and signature driven approach:



The MiniBooNE low-energy excess

Post-pandemic MiniBooNE results: farget —

Booster e, . =
arXiv:2006.16883 U‘@ —

and - .
Decay Earth  Detector  Any one of these final states may

Horn

Region be the culprit
primary beam secondary beam tertiary beam
— —
1) 8GeV protons, ~1.9e21 POT ( .
_ _ protons) (mesons) (neutrinos) Overlapping oteo—
2) 11 decay in flight — 800 MeV Enu e
3) nue contamination 5e-3. 2 [ I owe — € %, 5 jj
. 2 1000~ ]2 I~ misic L f’:’
4) 500 m baseline G ) s P oo
5) 81 8 t mineral ol o Highly Asymmetric e™ e~
6) 8 m long along nu beam - Ty
) J J eoof- Shower angle + Y o § 1
- ¢ .' $~r‘h
. +oo] wrt the beam — -
*3 m Other N airt : g = &
L%JI 800 — A—s Ny I #° misid 200/—
- Intrinsic v, " " " BestFit :
700 L-— - o8- -
~ —®— Data 0 08 06 -04 02 0 02 04 06 08 1
600:— cos6 ]
- Strong evidence for....
S00- -9 Unconstrained Bkgd. 2322.6 + 258.3
400 ;_ . Constrained Bkgd. 2309.4 +119.6
300:— Total Data 2870
= ' ' ?
"3 — 06 1100 2) SBL oscillations”.
100%_ 0.26% (LSND) v, — v, 676.3

200 400 600 "800 1000 1200
Visible Energy [MeV]

EXCESS: 560 119.6 EVENTS only in nu mode
4.8 sigma significance
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https://arxiv.org/pdf/2006.16883.pdf

New exotic hypothesis to explain MiniBooNE

eV sterile oscillations.

Muon disappearance excludes this model*.

P. Machado Neutrmo 2020

99% CL -
1 2 dof "
107
") () Z
_ Ve/Vp—)Ve
:\1> ( Fixed Fluxes)
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& Sapp |
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10 : (vy)—dISapp
- combined
. . o F VR ———
102 107!
|l],u4|2

* except if nu-e appearance if much larger than we
thought — no consensus here, yet.

Open the floodgates to exotica

New signatures:
. %
Gninenko 1107.0279 o “
Heavy neutrino O(MeV), magnetic moment, decay

Bertuzzo et al 1807.09877, Ballett et al 1808.02916,
Arguelles et al 1812.08768

Heavy neutrino O(1-100MeV), light Z', decay .2
W. Abdallah et al 2010.06159 A

Asaadi et aI 171 2.0801 9 C\\o\\eﬂg‘?’
Resonant matter effect LN

Doring et al 1808.07460, Barenboim et al 1911.02329
eV steriles and extra dimensional shortcuts

) e
\\
Liao et al 1810.01000
Steriles + NCNSI + CCNSI, (oo
Decay: Oe\oﬁe’i

. g(\O\'
O. Fischer et al 1909.09561 S
Long lived HNL O(MeV) mag moment

Bai et al 1512.05357, Dentler et al 1911.01427, de |
Gouvéa et al 1911.01447 w0

. ﬁ\o‘i
Heavy sterile O(keV-MeV) decay to ve

New physics
In scattering

New physics
In propagation

New “visible” states
In the beam
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Heavy neutrinos + dark forces to solve MiniBooNE

Simplified model
Heavy neutrinos interact strongly with dark photons
and weakly with SM via 2 portals:

. . . neutrino and kinetic mixing.
Neutrinos up-scatter into heavy state, which

. . 0
promptly decays into a pair of electrons. 10" F—————— . r—r—r
MiniBooNE: mz, = 30 MeV
l )
10 loc mm 40 @z, =025
200 W S0 S .
10 2 }(T QE = ZXIO
il
. Experimental
v 10 .
constraints
% _
3
- Uy N &, e 10~
——’é RS —
1% =
H -~
et = /

Carb o
arbon E. Bertuzzo et al.,

PRL121.241801

10

1077

10101

107! 10

my, (GeV)
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A simple neutrino mass model to accommodate MiniBooNE

A. Abdullahi, MH, S. Pascoli
arXiv:2007.11813

1) A minimal renormalizable model:

SUR), Uy /Uy

N 1 0 0

VD, 1 0 0 Dark neutrinos charged under a dark U(1)’

Yoy 1 0 0 symmetry, broken at the GeV scale by (D).

® 1 0 Y Dark Sector

2) Neutrinos masses from LNV & dark sector scale: 3) Modified experimental landscape
N’, v
0 Mp 0 0 \/v5) N / -
MZ My Ap Ag || N° 7 - oxap(ee)’|U]

0 AT 0 My | v ’ <<
0 A£ M:)ZE 0 VDR/ Vi Vk Vj

T/ A Th—1 1 AR Novel production and decay channels important
Mp (A" )" MxA™"Mp + 5M1—1oop when vector and scalar portals are considered.

2K M. Hostert For a similar point with B-L gauge see also B. Batell et al, JHEP 1608 (2016) 052. 15


http://www.arxiv.com/abs/2007.11813

Connection to the MiniBooNE excess

HNLs produced in neutrino scattering

see also E. Bertuzzo et al, PRL121.241801, P. Ballett et al, PRD 99.071701, + others

Upscattering proceeds via kinetic mixing and N5 and N6 states decay my =74 MeV, mg =146 MeV, mg =220 MeV

: 150
promptly to long-lived N4 states. coh N5 — Ny (178 events)
125 - | incoh N5 — N4 (334 events)
— coh Ng — N4 (26.90 events)
» 100 1 —~ ) incoh Ng — N4 (53.14 events)
~+ i &
-
© 7 A. Abdullahi, MH, S. Pascoali,
Q&g § 200r7.11813
S
1
29 -

ms |[ma ms Mg e’ /ecm
I/u K S ap
N e /eV /MeV Ny N5 Ne

A
"\/\< 0.39| 0.05 |35 120 185|1.6 x 10™* 3.0 0.26
Z/

0.32| 0.05 |74 146 220| 1.1 x 107 2.2 0.14

mg = 1.25 GeV and €2 = 4.6 x 1074
M. Hostert 16
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Direct tests of this new hypothesis

Neutrino scattering experiments

search for (e+e-) events and will test MiniBooNE results.

Pseudo single photons at V detectors:
B New generation of Liquid Argon detectors at Fermilab can
pBooNE
<=

Currently, neutrino experiments can search for
photon-like showers inside their detectors.

C. Arguelles, MH, Y. Tsai, PRL123.261801

Signature appears in neutrino-electron
scattering analyses but unfortunately, a
conclusive exclusion of “dark neutrino models”
IS not possible.

Search is on-going and will test if excess is due to single electrons or photons/e+e- pairs.
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“Double-bang” events

When production and decay are distinguishable

The model also predicts double-bang like features: Neutrino experiments are now much better

at finding vertices, and can look for double
Vertex events, especially at high energies:

NC/NC excess observed at CCFR (1990s), but no excess of NC/
CC events.

ol

To the best of our knowledge, this is not explained to this date.
P. de Barbaro, doi.org/10.1063/1.43269

oo opeginse coves

coe@oaXlil .. "INy

oo00 00

09

9 NC/NC observed on a background of 34-0.2 (stat.)+0.4 (syst.)

Result was not pursued further as minimal HNLs would
also lead to CC decays ( N -> ur ). 1000s of events/year at IlceCube

] “Double-Bangs®, P. Coloma et al, PRL119.201804
But dark HNLs only decay via NC channels.
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Bonus: revisiting the muon (g-2)

and re-interpreting the BaBar monophoton search

-4

A K—smuw Invisible dark photon
95% CL -
I’al’ai Ll
-5 -
e BaBar 2017 || S —
R favored 90% CL =
S -6 : /:/‘-»0‘ ; A
S S O N =
%?" o\° : ;
LKB-11 o -
99.5% CL
-/ |
<— This work, 99.5% CL
R. Parker et al, Science 360 (2018) 191
-8 F 1 : 1 ]
-3 -2 -1 0 1

Iogm(m\/GeV)
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Bonus: revisiting the muon (g-2)

and re-interpreting the BaBar monophoton search

-4

A K—smuw Semi-visible dark photon
95% CL
BaBar
-5 6_ /y -
| eB)tee BaBar 2017 B g
R favored 90% CL *
2 .6
o " AV ~ o
= %?cp o\°Q 6+ A - ) r
LKB-11 $ ot - 2 4
99.5% CL B mz = 1.25 GeV and € = 4.6 x 10~
-/ |
<— This work, 99.5% CL Explanation of the muon (g-2) anomaly
o via a dark photon now viable?
R. Parker et al, Science 360 (2018) 191 Invisible dark photon bounds relaxed.
; : : ;
Iogm(m\/GeV)
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Bonus: revisiting the muon (g-2)

and re-interpreting the BaBar monophoton search

4 g
A K—smw Semi-visible dark photon
95% CL |
BaBar .
-5 e ,y -
= (g-2)u:}:2a BaBar 2017 <' .} 1L : e WA
B favored 90% CL : A
2 -6 i,
2 » ey T\ .
5 évcoo\f) e Z' v \ B \—— ﬁ’;
LKB-11 $ o - |
99.5% CL :
-f |
<— This work, 99.5% CL
R. Parker et al, Science 360 (2018) 191 Invisible dark photon bounds relaxed.
-8-;3‘ -2 1 O 1
|og1o(mv/GeV)
e Can lead to “fake” monophoton
7! :: events if N decays inside the ECAL
:: > 95 pref_erence for
et ~ ~50 signal events

Predicts a huge rate of s-channel ete” > NN
production @ BaBar and Belle-Il (O(10*) events).

>

mz = 1.25 GeV and €% = 4.6 x 1074

Explanation of the muon (g-2) anomaly
via a dark photon now viable?

102 -
E — full -+ BaBar data (653 events)
== bkg (611 events)
| ™ sig (53 events)
c:]—\
>
Q
O 10! -
10 : -
~— -~ | | -;',..m"-—_ AT
(D i r - - - | 'H-J__‘-J__ -‘0‘1“‘”‘
100 -

l ete™ — N4N;s N5 — Na(ee 25 5)

29 30 30 40 45 o0 090 60
MI%liSS (G6V2 )

2K M. Hostert
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Looking for the dark HNLs elsewhere

Smoking gun signature at kaon experiments

Rare leptonic kaon decays Light dark photon case
v, = 400 MeV, m,, =300 MeV, x*=10"°
g ].0_4 |
K « , Oy, C—vp C > UIS,E/I_e : Mee
_5 ‘\ at £, = 3 Gev -
4 10 N | e :' ~peak ‘searches

/ oef T
A / ;

] B
N 3
i: /
’ 107 4 P o | nz..@
= : X | <
s S 10779 ¥ 2 my
— ] < p
10724 & | 5
. = | B
At NA62, would expect ~3000 events 10-10] = T NA62 (K — pvee) | P — Pyl
. . . 3 4, .
In existing data. B - \_ o
].O ? % T T K_I_ % M+V€+€_
- 10712 - - - - ' ' Smoking gun peak at light
Peak search + (displaced) e+e- vertex 0 =0 100 150 000 55D 200 g9 9

dark photon and HNL mass
mz = g'v, (MeV)

Upal™ 2 O(1077)

For heavy dark photons (mz/ > my ), only HNL mass is visible, and
displaced vertices will typically appear.
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Digging deeper in rare kaon decays

Dark higgs decays to dark photon

If the dark higgs is light but heavier than 2 dark photons, we also expect kaon decays with 4-leptons via a cascade in the dark
sector. Dark decays are for “free”.

These channels have never been searched for or even calculated in the SM.
Would provide model discrimination if a signal is found In the simpler di-lepton searches.

K — m2(eTe™) K™ —{rv2(eTe) K — m2(vete™)

Y, v T
U(l);+ N
U(1)q U(l)ga+ N (La
A, mp, > 2mn
N hg4
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- Interplay of several intensity frontier experiments

Conclusions from G. Raffelt 9712538

- Interesting to considering HNLs as part of a rich dark sector
- Novel interplay between portal couplings (+ pheno)
- Neutrino masses from dark gauge symmetries.
- Motivate unexplored experimental searches
- New signatures ==> more potential for surprises at low energies.

- New ideas to explain existing discrepancies in the data
- MiniBooNE

»+ Muon (g-2)

- Double NC vertices at CCFR

- Neutrino detectors — di-leptons and double vertices
- Kaon factories K+ — {TreTe™

. e+e-colliders ete™ — NN “LOTS OF THINGS ARE INVISIBLE, BUT WE DONT
KNOW HOW MANY BECAUSE WE CANT SEE THEM .

THANKS!



Back-up slides



Neutrino-electron scattering constraints

my = 30 MeV, ae® =2 x 107", ap = 1/4

1072 = 3 N\ ;
] \ peak | )
T \ searches l /
- I //
- | \ |
: [
1+r . :
MlﬂlBOOlEE : \ I Vary uncertainty on backgrounds:
—3 _ €Energy I
1073 - |
- lo 1
— i :
3 _ 30 | \ YV 4 g 30% — 100% for MINERVA LE
~ S J'___,,/ NS RN :- —/,,’ -
Nl e —— NN 0 0
10~ _ , & I \ §\ : \ 40% — 100% for MINERVA ME
) \ |
i | |
1 : : | \
' > 98%1 > 87%1 > 70%, 3 — 10% for CHARM-I|
- < | | < |
on axisl on axis: on aXis: vy,
105 L———mi —— ~ :
10~1 10° ’
T4 (G@V)

Analysis can be improved with future data:
events in forward

C. Argtelles, MH, Y. Tsai, PRL123, 261801 (2019) on axis = bin at MiniBooNE - MINERvVA ME nubar-e data
- NOVA nu-e data
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THE NEUTRINO PORTAL

Motivations sectors
LH~x N Majorons
Neutrino masses

Type-| seesaw, low-scale variants, and nu decay

more exotic. Z decays v

Gauge
Dark matter extensions

FIMPs secluded symmetries

“Portalinos”
B-L Li - Lj

Dark matter

Warm DM or DM annihilation partner. _
Effective

Cosmology operators

Magnetic
Neutrino decay moments NSI

secret interaction H2N2
mechanism (H->NN)

New
possibilities

One of the most well-motivated portals also admits a variety of non-minimal realizations.



Dark Matter

B. Bertoni et al, 1412.3113
Neutrino portal DM — growing literature, see, e.g., B. Batell et al, 1709.07001
M. Blennow et al, 1903.00006

/ 2
g 4
o0r) = 8_7T‘UOA‘ 2 TR M. Blennow et al, 1903.00006
(4mX - mZ’) 102 ’
g =1 {lpm h = 0.12
é —~
10'F = My = 2mzy -
4 =
X Vo =
A I
-~ 10 N
k- XX —
— S o /
X Va <
= 107"
v indirect
N HK
10-2 = DUNE
Monochromatic neutrinos from the Galaxy! 6,=0.031 ]
- |
Can be searched for in large volume detectors. 10 103 102 10~ 10° 10! 102

m, |GeV|
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Dark Matter

Arguelles et al, 1912.09486

1 O o 19 [ | | | | | | | | | +

1 O —20 L QlceCube-HE [|
IceCube

10 —21 -/ (Bhattacharya et al.) r T

23 — IceCube
N —
> 10 _Borgcino _
o
ODUNE
10741 CTA ]
(Queiroz et al.)
\
10—25 . WL —
......... OJuNoIV SKTe
10_26 B Thermal Relic Abundance |

102 10-' 10° 101 102 10° 10* 10° 10° 107
m, (GeV)
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Dark matter across scales

S S
T\ — B
= O W E
—+ - — O -
s 9 - 8 5
[ > s = -
T ® N O < 2. < 0
- =] O = G) . 0 U %
N — ~+q D E - N >~
4 o Y S = 297
< O g =<.2 O — {1 —_
Q) @ > -] — Z (D [_ e
O & 7 X AS5Y =0 @ > >
< P © 0O oV n O n D
(D = 74
o W= | | | |
-30 24 -18 -12 -6 0 6 12 18 24 30 36 42 48
10 10 10 10 10 10 10° 10 10 10 10 10 10 10

Dark Matter Mass | GeV | R K. Leanne 2017

Ficure 1.8: Dark matter candidates as a function of their mass scale.
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SM Backgrounds at MiniBooNE

Process Neutrino Mode Antineutrino Mode
v, & v, CCQE 73.7 £ 19.3 12.9 + 4.3
NC 7° 501.5 + 65.4 112.3 + 11.5
NC A —- Ny 172.5 £+ 24.1 34.7T + 5.4 misID backgrounds
External Events 75.2 + 10.9 15.3 + 2.8
Other v, & 7, 89.6 + 22.9 22.3 + 3.5
Ve & U from p™ Decay 425.3 + 100.2 91.4 + 27.6
ve & 7. from K= Decay 192.2 + 41.9 51.2 + 11.0 .
ve & 7, from K3 Decay 54.5 £ 20.5 51.4 + 18.0 Intrinsic background
Other v. & 7, 6.0 + 3.2 6.7 £ 6.0

Unconstrained Bkgd. 1590.6 £176.9 398.2 £ 49.7
Constrained Bkgd. 1577.8 = 85.2 398.7 = 28.6

Total Data 1959 478
Excess 381.2 + 85.2 79.3 = 28.6

> — | I I I I I I I I I I I I I I | I I I | I I I I I | | I —
R S e Data (stat err.) -
S 54— [ v, from - —
t [ ] v, fromK™" i
a5+ [ v, from K -
- I «° misid -
- + ANy —
- I dirt i
[ other -
3 _ + ——— Constr. Syst. Error ]
STt e Best Fit _
1 -
| i
2 + _____ ]
—— i
1 e 3
gy :

8.2 0.4 0.6 0.8 i 1.2 14 3.0

ESE (GeV') 31



SM Backgrounds at MiniBooNE

Process Neutrino Mode Antineutrino Mode
v, & v, CCQE 73.7 £ 19.3 12.9 + 4.3
NC 7° 501.5 + 65.4 112.3 + 11.5
NC A —- Ny 172.5 4+ 24.1 34.7 + 5.4
External Events 75.2 = 10.9 15.3 + 2.8
Other v, & 7 89.6 + 22.9 22.3 + 3.5
Ve & Ve from K~ Decay 1Y2. 41.9 . .U
ve & U from K} Decay 54.5 £+ 20.5 51.4 + 18.0
Other v. & 7, 6.0 + 3.2 6.7 £ 6.0
Unconstrained Bkgd. 1590.6 == 176.9 398.2 4 49.7
Constrained Bkgd. 1577.8 = 85.2 398.7 4= 28.6
Total Data 1959 478
Excess 381.2 £+ 85.2 79.3 + 28.6

Events/MeV
(&)
| ‘I [

I I I I I | | I

° Datgl—l (stat err.)I
1 v, from p™*
] v, from K™
s v, from K°
I «° misid
ANy
I dirt
[ other

llllIlllIlIllllllllllllllll

_ + —— Constr. Syst. Error
3 el Best Fit
1
I
iy
-=¥=1 '
: -
== |
8.2 0.4 0.6 0.8 1 1.2 1.4 3.0

ES (GeV)

Can populate lower energies, but always get

I
l,lz_l_ % 6 | VI,LVG
So can constrain by measuring V,u

Very large statistics!
Can effectively constrains parent particle spectrum
(essentially a neutrino flux measurement)

32



SM Backgrounds at MiniBooNE

Process Neutrino Mode Antineutrino Mode
v, & v, CCQE 73.7 £ 19.3 12.9 + 4.3
NC = 501.5 + 65.4 112.3 + 11.5
NC A — Ny 172.5 £+ 24.1 34.7 + 5.4
External Events 75.2 = 10.9 15.3 £+ 2.8
89.6 + 22.9 22.3 £+ 3.5

Other v, & u,,,

Ve & Ve from Ki Decay 192 2 j

Ve & Ue fromK Decay 545:!:205

-v from K°

Unconstramed Bkgd. 1590 6t 176.9 398.2 4 49.7
Constrained Bkgd. 1577.8 = 85.2 398.7 4= 28.6
Total Data 1959 478
Excess 381.2 £ 85.2 79.3 £ 28.6
€ B O v, " from K
L

I «° misid
ANy
I dirt
[ other

llllIlllIlIllllllllllllllll

_ + Constr. Syst. Error
3 el Best Fit
1
I
iy
-=¥=1 '

: -
== |

8.2 0.4 0.6 0.8 1 1.2 1.4 3.0

E.- (GeV)
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that are more common at higher E.
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SM Backgrounds at MiniBooNE

Process Neutrino Mode Antineutrino Mode
v, & v, CCOQE 73.7 + 19.3 12.9 4+ 4.3
- 65.4 112.3 -
NC A — Ny 172.5 + 24.1 34.7 + 5.4
External Events 75.2 = 10.9 15.3 + 2.8
Other v, & 7, 89.6 + 22.9 22.3 + 3.5
Ve & e from p™ Decay 425.3 + 100.2 91.4 + 27.6
ve & Do from K= Decay 192.2 + 41.9 51.2 + 11.0
ve & U from K} Decay 54.5 £+ 20.5 51.4 + 18.0
Other v. & 7, 6.0 + 3.2 6.7 £ 6.0
Unconstrained Bkgd. 1590.6 £176.9 398.2 = 49.7
Constrained Bkgd. 1577.8 = 85.2 398.7 4= 28.6
Total Data 1959 478
Excess 381.2 £+ 85.2 79.3 = 28.6
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This channel relies on pion decay
being highly asymmetric

\

Asymmetric
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event

MiniBooNE,
PLB664(2008)41

T. Katori

Effectively constrained by measuring other
channels and extrapolating
(somewhat model dependent):

Vi

CC/NC pion production




SM Backgrounds at MiniBooNE

Process Neutrino Mode Antineutrino Mode
v, & 7, CCQE 73.7 + 10.3 129 + 4.3 Mostly NC resonant through Delta(1232)
NC 7 501.5 + 65.4 112.3 + 11.5

NC A —- Ny
xterna

- 24.1
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Other v, & 7, 89.6 + 22.9 22.3 + 3.5 7 Y
Ve & U from p™ Decay 425.3 + 100.2 91.4 + 27.6
ve & Do from K= Decay 192.2 + 41.9 51.2 + 11.0
ve & . from K} Decay 54.5 £ 20.5 51.4 + 18.0
Other v, & 7, 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.6 == 176.9 398.2 = 49.7 sk
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SM Backgrounds at MiniBooNE

Process Neutrino Mode Antineutrino Mode
v, & 7, CCQE 73.7 + 19.3 129 + 4.3 Mostly NC resonant through Delta(1232)
NC 7° 501.5 &+ 65.4 112.3 £+ 11.5
 NCA-Ny  1725+241  347+54 | ——> Constrained by pion events
xternal kvents . 10.9 15. &
Other v, & 7, 89.6 £ 22.9 22.3 + 3.5 7 Y
ve & Ue from p™ Decay 425.3 + 100.2 91.4 + 27.6
ve & Do from K= Decay 192.2 + 41.9 51.2 + 11.0
ve & U from K} Decay 54.5 + 20.5 51.4 + 18.0
Other v, & . 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.6 176.9 398.2 4 49.7
Constrained Bkgd.  1577.8 £ 85.2 398.7 + 28.6 If this channel is off by a factor of
Total Data 1959 478
Excess 381.2 £ 85.2 79.3 £ 28.6 27
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