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THE NEUTRINO PORTAL

Extended EW Light scalars
sectors
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The neutrino portal is one of the most well-motivated extensions of the SM. It may lead somewhere.



The seesaw mechanism

Type-| seesaw:

. M
LS g (LH) N 2N NeN + h.c.

This is a matrix problem:

0 M Yv
M = . %) where Mp = =
Mp My \/5

(3x3) (3x?7)  (7x?) (7x3)

We know nothing about M,, How many states? Does it carry new symmetries? New dynamics?

-
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Low Scale Seesaws

LNV = lepton number violating
3 families of neutral leptons — new symmetries in M,
MD — (m 6/)
| ({0 m £ v§ Ve 0 A
— ,/_maSSD§(ﬁ N S) m u A N€_|\¢ h.c. NTAA

e A pu S¢

(L= +1)

Light neutrino masses proportional to LNV parameters

m, ~ um? — 2e'mA + 4/
A2 — !

Approximate conservation of Lepton number — Small neutrino masses.
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Low Scale Seesaws — two kinds of contributions

“Inverse Seesaw” (ISS) “Minimal Radiative Inverse Seesaw” (MRISS)
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Low Scale Seesaws — two kinds of contributions

“Inverse Seesaw” (ISS)

0 m 0 vy
m 0 A N€
0 A wu 5S¢

Integrate out S (1 — ©0)

“Minimal Radiative Inverse Seesaw” (MRISS)

0 m O V7
m ,u/ A N€
0O A O S¢

Integrate out N (¢’ — ©0)
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Low Scale Seesaws — two kinds of contributions

O m O V¢ 0 m O vy
L / -
m O A N¢€ m A N
0 A 1 ge 0O A O S¢
Integrate out S (4 — ) Integrate out N (¢’ — ©0)

’ L Nﬁpl\ié L -
m2 MQ m2 —k
Active-heavy mixing:  |Ua4|” = 11\94 Active-heavy mixing:  |Uaal|” = A—é’ o
. mp my’® =0  (Holds provided #S = #N)
Light state: My, = FM Light state: 5
] Qw Thp /
miooP ~ Tom 1 f(mz,mp,u')
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Laboratory searches

5)
Typically, long-lived particles. —% ~ |Uya/|? (% )

CTN

N ’UOA‘Z -+

Production and decay proceed via “weaker-than-weak” interactions.

-
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Laboratory searches

s)
Typically, long-lived particles.  —% ~ |Upal? (@ )

CTN my

+ Missing mass in pion or kaon decays

2
N ’Uaﬁl‘ v

1% /K — (N —> (pr K —p£)2 - M]2V

Production and decay proceed via “weaker-than-weak” interactions.
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Laboratory searches

5
. . . CT’u, 2 my
Typically, long-lived particles. ~ —= ~ [Uaq| (_) Decay-in-flight signatures in neutrino experiments

CTN my

N U’ ur w/K — {N — N propagates — N decays visibly

Production and decay proceed via “weaker-than-weak” interactions.

ND280 @T2K
Water GATPC1 GArTPC2 GArTPC 3
Target .
protons
Horn 1 Horn 2
l JZ'+,K+,D+
“ GR——— | | Tttttreeeanaal.,, “‘......................‘.
_|_
Target f

-
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Heavy neutral lepton searches at neutrino experiments

Decay in flight
ArgoNeuT
MINOS-ND
ArgoNeuT ut B
_____ N —
—

Dimuons, also with MINOS ND
reconstruction.

Unique sensitivity to tau flavor.

MicroBooNE

.
o
>

Side view

Fraction of events
Q ()]
(@] (e}
N IeN

NuMI target De 0 , | | | ' .
and horns Cay 25 3 35 4 45 5 55 6
Event time [us]
=== BNB neutrinos ——=- BNB Trigger window
m— HNL (365 MeV)  -:-- HNL Trigger window
Hadron
(not to scale) absorber

Search for N — usm in BNB production, and

recast of a eTe™ search from Kpap = UN
decays at the NuMI absorber.

Mostly muon flavor.

ND280
|||||||
AAAAAAAAAAAAA
|||||||
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f s
/\o Cs / D
o
/"oon,
I S7~Q
||| peD “am ¢
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...... | | AL
S
I I /~O 045/\/
v A
y .
X
< | |||/ PODECAL|{[ BARREL ECAL
N 8
N g

Comprehensive search that benefits from
B field. Will get even better with upgrade
due to bigger low-density volume.

All flavors, except tau.

-
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Heavy neutral lepton searches at neutrino experiments

Decay in flight — low-mass region
C. Arguelles, N. Foppiani, MH arxiv:2109.03831

N — veTe~ — dirac LH NConly

|U€N| — |U7'N| — O

— mpy = 20.0 MeV

T2K (thiS WOI‘k) L 0.6 — my = 50.0 MeV
T2K full Ethis Work; - We also showed that previous N oo
PS191 (this work - . my = .0 Me
~~. MicroBooNE (Kelly-Machado) E3 limits from PS191 were . 0.4 - et

a.u

BBN £Zi| severely overestimated.
. / ...... d
T2K and MicroBooNE provide - H 5 20 cm
better limits. "0 ; 1o 15 20

distance between bent trajectories at 20 cm

MB e(mn) = €(ms)
020 m -==  NB E(mN) = E(COS Oee)

60 80 100 150 200 400 by
mN/MeV 0.15 - ,/ A official T2K avg(v +¥)

efficiency

lde
PN—)X =~ thN—>X
07

Weak decays | 100 200 300 400

-
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http://arxiv.org/abs/2109.03831

- - P. Ballett et al, arXiv:1905.00284
Heavy neutral lepton searches at neutrino experiments

. . . . J. Berryman et al, arXiv:1912.07622
Decay in flight — future projections

M. Breitbach et al, arXiv:2102.03383

— DUNE
10~

| — 81}311\?
cluded N = NA62

10—6 L .
o ‘
=) Pseudo-Dirac ol |
1078 L pair \ ~‘“~~
: : : Type I
Short-Baseline Neutrino Program at Fermilab
1010 :
E :
Target SBND MicroBooNE ICARUS : 3
T - 0 Majorana state
INL_Liim | = I! 10—12 : : R R : . . |
" | 0.01 0.05 0.1 0.5 1 2
| ’ Mass (GeV)
Horn + decay pipe 270 tons of argon 760 tons of argon

Sensitivity to neutrino mass models,

mostly in pseudo-Dirac regions.
PI M. Hostert
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https://arxiv.org/pdf/2102.03383.pdf
https://arxiv.org/abs/1905.00284
https://arxiv.org/pdf/1912.07622.pdf

Limits on heavy neutrinos

Uen|® = |Urn|* =0, Dirac N
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http://github.com/mhostert/Heavy-Neutrino-Limits

Limits on heavy neutrinos
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Portal:
(SM SINGLET) X (DS SINGLET) DARK SECTOR (DS)

LHN My

—— NN
/\\ Heavy neutrinos 2

Neutrino portal Neutrino masses

Z B X1
S M HY
Dark photons Gsv X U(1)x
W New fundamental forces?
Vector portal
V(H,S)
Dark I ’
- STS(HTH) ark scalars

- Scalar degrees of freedom

Scalar portal



LHN

/\‘

Neutrino portal




Dark decay channels of HNLs

weak dark

Charged meson decays and DIF

N Y

Target Detector

1 dark weak
FN—W SM/FN—H/ SM

- Faster decays.

- CC branching ratios may be small, e.g., no K™ — u*u "z~ even w/ large LNV.

- Missing energy.

-
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Dark decay channels of HNLs

ryveak T](\ilark
Charged meson decays and DIF Neutral meson decays and DIF
zt, Kt,D* v 7,1, p, v

N Y % N s

Target Detector Target Detector

1 dark weak
FN—W SM/FN—H/ SM

Faster decays.

CC branching ratios may be small, e.g., no K* — u*u*n~ even w/ large LNV.

Missing energy.

-
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Dark decay channels of HNLs

ryveak T](\ilark
Charged meson decays and DIF Neutral meson decays and DIF Upscattering with prompt decay
v

N Y % N s

Target Detector Target Detector A
A A Detector
1 dark weak
I /[T

N->vSM’'~ N-vSM

- Faster decays.

- CC branching ratios may be small, e.g., no K™ — u*u "z~ even w/ large LNV.

- Missing energy.

-
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Long-lived HNLs Decaying in flight

The role of new forces

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

|Uen| = |Urn| =0, per =1 X 10_6/G6V

101 |Uen| = |Urn| =0, fo =100 GeV, cy = 0.4, cc = 1, mg = 20 MeV
Main decay into real photons: unfortunately, | pl it o
no good for low-density detectors like BN PS191 (this work) MiniBooNE 20 ROI (Chang et al)
ND280 10—5 m
| : . : s = ~7 |
Virtual photon rate is still competitive. S
Collimated e+e- a challenge, butB=0.2 T TR
makes the difference. e B T —
].0_11 TN N ~/5<e ~~~~~~~~~~~~ J
24P T
=== T2K full (this work) M PS191 (this work) 10—13 ¥ . . ///.//.:/./277727?/?»,, . .
13 Bl T2K (this work) 1 MicroBooNE (Kelly-Machado) 20 40 60 80 100 200 400
]_0_ T T T T T T 1 T T MeV
20 40 60 80 100 200 400 v /Me
my/MeV
3 | ALP decaysto e e
Transition magnetic moment
[t — LD % (CNN”)/“’)/5N +c 67“756)
r —
— Zint O 7Vaa“”NFM,, + h.c. 2f, ©
_|_ —
Relaxed BBN limits ALP decaystoe e
HNLs can be long-lived in the Lab, but short-lived in the cosmos. N = va — vete™
Pl M. Hostert
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http://arxiv.org/abs/2109.03831

0O MoV proton baam from MiniBooNE coll., arXiv:2201.01724
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http://www.apple.com

Short-baseline explanations

Going beyond oscillations

See J KOpp’S talk 107 Argiielles et al. 2021
/'/ 5 MiniBooNE
10 - \\\ <)\ lo
Oscillations are not a good fit for global data, ' ) ) — go
. iy m - —_— I/// 47) g u VL
however, | think it is too early to give up. T «| A _ Arguelles et al, arXivi2111.10359
2, | \\ \ 10 g : Argiielles et al. 2021
NEQ \:;\ . 2
We are looking forward to future analyses by < LR . §> )
_ ‘ /¢ MiniBooNE
MicroBooNE as well as by the full SBN program. 1 - T ) i
107" - . o
5 g 1
1 MicroBooNE 30 % ] - \\
Pheno analyses already show that we have not | Inclusive o \. AN
CCQE \ S .
. . —2 N\ ~
fully been addressed by MicroBoonE vyet (right —). ° i Sso
Y Y yet(rig ) 10 1073 102 10~ 1 g ™~ SN,
Sin2 (2(9,ue) = 4|UM4|2|U64|2 MicroBooNE 3o \
Inclusive
10-2 | == Inclusive (Asimov)
104 10° 10 10 1

Arguelles et al, arXiv:2111.10359

sin® (20,,c) = 4|U,4|?|Ues?

-
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https://arxiv.org/pdf/2111.10359.pdf
https://arxiv.org/pdf/2111.10359.pdf

Table of explanations of
the short-baseline anomalies

NFO02 White Paper: arXiv:2203.07323. Questions (and complaints) — mhostert@pitp.com

Category

Model

Signature

Anomalies

LSND

MiniBooNE

Reactors

Sources

References

Flavor transitions
Secs. 3.1.1-3.1.3,
3.15

(3+1) oscillations

oscillations

v

v

v

v

Reviews and
global fits [93,
103,105, 106]

(3+1) w/ invisible
sterile decay

oscillations w/ vy
invisible decay

[151, 155]

(3+1) w/ sterile decay

Vg — ¢Ve

[159-162, 270]

Matter effects
Secs. 3.1.4, 3.1.7

(3+1) w/ anomalous
matter effects

Vy — Ve Via
matter effects

143,147,
271-273]

(3+1) w/ quasi-sterile
neutrinos

vy, — Ve W/
resonant v
matter effects

[148]

Flavor violation
Sec. 3.1.6

Lepton-flavor-violating
1 decays

ut — ety r,

[174,175,274]

neutrino-flavor-
changing
bremsstrahlung

v, A— epA

[275]

Decays in flight
Sec. 3.2.3

Transition magnetic
mom., heavy v decay

N — vy

Dark sector heavy
neutrino decay

N —-v(X —
ete™) or
N — v(X = vy)

Neutrino
Scattering
Secs. 3.2.1, 3.2.2

neutrino-induced
upscattering

vA — NA,
N — vete or
N — vyy

[205, 206,
209-216]

neutrino dipole
upscattering

vA — NA,
N — vy

[40, 185, 187,
188,190, 193,
233,276]

Dark Matter
Scattering
Sec. 3.2.4

dark particle-induced
upscattering

v orete”

217]

dark particle-induced
inverse Primakoff

Y

217]
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Table of explanations of
the short-baseline anomalies

See
J. Kopp’s talk
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https://arxiv.org/abs/2203.07323

S. Palomares-Ruiz et al, JHEP09(2005)048

Decaying sterile neutrinos Z. Moss et al, PRD 97, 055017 (2018)
M. Dentler et al, PRD101(2020) 115013.

Effective appearance without disappearance A. deGouvea ef al, JHEP07(2020)141

Dirac sterile neutrino visible decays: /

—L D gV Vs P

No tension with disappearance:

MiniBooNE signal: | U , -
10.5281/zenodo.3509890: - - | o
v, disappearance: U 4

-
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https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
https://arxiv.org/abs/1711.05921
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115013
https://link.springer.com/article/10.1007/JHEP07(2020)141

S. Palomares-Ruiz et al, JHEP09(2005)048

Decaying sterile neutrinos Z. Moss et al, PRD 97, 055017 (2018
. . . M. Dentler et al, PRD101(2020) 115013.
Effective appearance without disappearance A. deGouvea et al, JHEP07(2020)141
Dentleretal20tg “e
Dirac sterile neutrino visible decays: 5.t s daa / ”
: v, from pu
= v, from K )
= 7° mis—id ' _
—L D 93V3V3¢ =3 J_i-‘ -di: backend. | -
= | — ;’:TF(M*; ;"_l-ﬁ) ) 0012 Dentler et al. 2019 M. Dentler et al, PRD101(2020) 115013.
§ ...:}:' ------ - . CSL 11 . -r.--l-'..l. "l""ll'>'~."l""l""l"".'
o = g A £ [99% CL 1g| mi=300ev]
' == syst. error : 001 i 20 i O mal'y =1eV~ i
Lp L e T 3= mg/ms =0.9 .
S it = 1 :
i o O 1 .
0 b e —_—— 0.008F= & : -
025 05 075 1. 125 15 175 2. | 1 -
Reconstructed Neutrino Energy E, [GeV] - : é) : ]
2 0.006F~ <= : Q -
~ - : 2z .
— . , 2
. | ~ .
0.004 : -
. : .
. : .
: 0.002} globdl ]
/V . . . ] . A -
/%"v No tension with disappearance: - w/o cosmo -
. Esteban talk at CERN MiniBooNE signal: |U ,|° . ML
) /44 O PP BPEPEPE-E BPEPEPEPE BP0 | P Y T

10.5281/zenodo.3509890:. - -
v, disappearance: | Uy, |” 0. 001 002 003 004
|l]e4|2
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https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
https://arxiv.org/abs/1711.05921
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115013
https://link.springer.com/article/10.1007/JHEP07(2020)141

Solar antineutrinos

Nuclear fusion cauldron of the Sun massively overwhelms antineutrino emission at MeV energies:
R. A. Malaney et al, Atrophy’s. J 352 767 (1990)

Long-lived isotopes: @ ~ 200 v/ecm?/s for E, S 3 MeV
Photo-fission: O, ~ 107> v/cm2/s for E, ~ 3 — 9 MeV

L, For comparison, @z ~ 5 X 10° v/cm?/s.

-
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https://adsabs.harvard.edu/full/1990ApJ...352..767M

v +pt = et +n

IBD has small backgrounds and much
larger cross section than nu-e elastic!

OIBD = Ov—e

When produced, V. undergoes
matter-suppressed flavor transitions.

Solar antineutrinos

mq = 300 eV, |Upq|? =1 x 1077

105 ] -
= 104 3Gz &
| 1" > {0->
% 1 3 NN
N
HE 10° ‘\/064/9 — 3 .
| G 10~3 N
7 .
T 102
=
O o
3] N ffal_’_
ol 101 - L
_OE‘S ].0 — m¢/m4 p— 09 Ralbl; ]VD ]]
| === my/ms=05 3 D 5,
N\
10° E me/ma = 0.1 \‘\‘\
: | | b , I
0 5 10 15 20
E, [MeV]

e
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Decaying sterile prediction

m4F4 =1 eV2, mgqg = 300 eV, m¢/m4 = 0.9
0.012 I | ! s
: ~2— KamLAND 202

.+ =— KamLAND 2011
5—— SuperK-IV

|
|
l’ 1
i\ LSND
I’ '
|

] ;J
- s Y7
0.002 - \
_All w/0, cosmo . .
/e L er}x’iBooN E

0.00 0.03 0.04

|Ue4‘2

A simultaneous explanation of LSND and MiniBooNE
Is in tension with Solar antineutrino searches.

Improvement expected at JUNO and SK-Gd:
S.J. Li et al, Nucl.Phys.B 944(2019)114661

-
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https://doi.org/10.1016/j.nuclphysb.2019.114661

Decaying sterile prediction

» Massless scalars would not decay to antineutrinos, but would

mals = 1 €V2, my = 300 eV, mg/ms = 0.9
S ~2— KamLAND 202
0.010 - I\ = also predict light neutrino decays. For m; = 0,
| I\ I T, E—
i i | oot Borexino 2
0.008 - : | |
” ’l..' 99% CL V3 Vg ! NH. CT??AB ~ 10—5 E'3
~ | |} exclusion : se S 0.03 AU
‘f‘i 0.006 - | I 7 (70 TH- CTLAB ~ (‘U31U33|2> (10 MQV)
< | {{\ LSND © T2
[
0.004 - [
_ e W 2 » Majorana neutrinos are even more strongly constrained due to
0.002 ] 5, COSMO 1 .
f N . R Uy — U, decay.
0.00 0.01 0.02 0.03 0.04
| Ueal? > Sterile decay may proceed via higher-dimensional operators:
d(LH)?, or p(LH )v,, which do not necessarily require

A simultaneous explanation of LSND and MiniBooNE
Is in tension with Solar antineutrino searches. mixing with electron sector, predicting no production of sterile

in the Sun. S. Palomares-Ruiz et al, JHEP09(2005)048
A. deGouvea et al, JHEPQ07(2020)141

Improvement expected at JUNO and SK-Gd:
S.J. Li et al, Nucl.Phys.B 944(2019)114661

Pl M. Hostert


https://doi.org/10.1016/j.nuclphysb.2019.114661
https://link.springer.com/article/10.1007/JHEP07(2020)141
https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048

Resonant matter effects

QuaSI-Sterlle nGUtranS D.S. M. Alves et al arXiv: 2201.00876

SM active neutrino dark sector fermion

v, y g Quasi-sterile neutrinos with large interactions with matter.
(]
/ vector portal
neutrino portal ( )
. . 9ds — Guv
A‘/lmaﬁcter o (VS3 B V’/z) matter 2 m,2 § : grng
m 4
D f=epn
151 I ' | I l I N B B B ]
i B1 resonant component : oM 2 cos 20
i | Eres _ 3 S3

0.100. B1 non-resonant component V3 2 ‘AV‘

;s B ]
: ® =
T 0010, Not discussed:
3 C . n
= : N Same resonance appears in the air: EyRES = 300 GeV,
_ t . . . . . .
0.0015 e — interesting particularly for v, >, and v, = U at lceCube.
0%0 400 600 800 1000 1200
Eime [MeV] Challenging to find a UV model yet with such large potentials.
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S. Gn!nenko, [arXiv:O902.3802],
Transition magneti(; moments S. Gninenko, [arXiv:1201.5194],

M.Ma_sip et al, [arXiv:1210.1519],
NOW 18 upscatte rmg G. Magill et al, [arXiv:1803.03262],

Vergani et al, [arXiv:2105.06470],
Luis Alvarez-Ruso et al [arXiv:2111.02504]

Transition magnetic moment in scattering. Vergani ot al, [arXivi2105.06470}

1072 ?10—7
y NOMAD |
Vh
e W ¥ —
n 8
| =10
! 8 > &
F oA s =
St O, . o =
- S | CHARM v, ES &
L Hy F,, vict" N 10_7—5 >0 —— E9F 95% CL glO_g
— VUr O ' ] Y % C i
K 2 uy = L i \ cosf) 95% CL }
1 2 3
Also goes by the name of dipole operator: 10 10 10
my [MeV|
H
d="v
2
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Dark neutrinos

P. Ballett, MH, S. Pascoli [arxiv:1903.07589]
A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813]

. . . . E. Bertuzzo et al., [arXiv:1807.09877]
Heavy neutrinos interacting via the dark photon

C. Argulelles et al, [arXiv:1812.08768]

Neutrinos up-scatter into HNL,
which promptly decays via

P. Ballett et al, [arxiv:1808.02915]

y"(LH)N + MNNN +ynNvp® + Mxvp, vp,

1
1% _
% N e
e —— Vl’l’ : Z/
I . %\<
1%
U
e—i—
Carbon
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https://arxiv.org/abs/2007.11813
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https://arxiv.org/abs/1812.08768
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P. Ballett, MH, S. Pascoli [arxiv:1903.07589]

Dark neutrinos A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813]
E. Bertuzzo et al., [arXiv:1807.09877]

Heavy neutrinos interacting via the dark photon C. Argielles et al, [arXiv:1812.08768
P. Ballett et al, [arxiv:1808.02915]

Neutrinos up-scatter into HNL,

which promptly decays via m4 =74 MeV, ms =146 MeV, mg =220 MeV
150
+ — coh N5 — N4 (186 events)
N — € € E incoh N5 — N4 (337 events)

"

2 coh Ng — N4 (28 events)

8 incoh Ng — N4 (51 events)
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g

S 50 -

s

V 4
vV _ 4
& 14 N / < ¢
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1/ EviS/GeV
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(&
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myzr = 1.25 GeV
2 300 - _
B g2 = 4.6 x 1074
%
w 200 - 7
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cos 6
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https://arxiv.org/abs/1812.08768
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Dark neutrinos B. Dutta et al, [arxiv:2006.01319]

] A. Datta et al, [arXiv:2005.08920]
SCalar med IatO 'S B. Dutta et al, [arxiv:2006.01319]

W. Abdallah et al, arXiv:2202.09373

1%
Coherent
N o 10767 e 5 Lax10-4 — Pu=1GeV, my=0.1GeV, £,=0.8 Gev
— V,u / H' E ] - ICnc}?hereglt
'.,.. I x“ | B oneren
- o < i 1.2x1074 -
. - N . E
@ e O o4l
Carbon — mz=1GeV . I= _
— mz'=50 MeV '8 _
...... my=1GeV NE 8% 10~
...... mH=50 MeV "_ 8 i
? o _
e ] 6)(10—42
In addition to e+e-, scalars can also have R e '
- AL 0 0 1 2 3 4 5
a large BR into yy, mimickinga £ (GeW) 410727 Yy 0 05 "
cosO
/
< DO xkH'F, F*
j72%
No t-channel singularity for
scalar exchange. Cross section Angular distribution is broader.

Several models proposed with connections goes down in energy.
to (g — 2)ﬂ and flavor anomalies.
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Dark neutrinos

Heavy neutrinos interacting via the dark photon

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, in progress

Upcoming: DarkNews, a fast MC generator for new physics in neutrino-nucleus scattering.
Including vector, scalar, and dipole mediators. Models with up to 3 HNLs.
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Dark neutrinos

Heavy neutrinos interacting via the dark photon

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, in progress

Upcoming: DarkNews, a fast MC generator for new physics in neutrino-nucleus scattering. \ /
Including vector, scalar, and dipole mediators. Models with up to 3 HNLs. \\

MiniBooNE £ °“° fits to a model with 1 and 2 Dark Neutrinos. y 4

Ax? for E,, my = 1.25 GeV, MiniBooNE, Dirac, 342
Ayx? for E,, MiniBooNE, Dirac, 3+1 )

Short lived N, - vZ' — veTe” el =
100 - HNL region // : A — Ms — My
. g
>
% <]
S —1
10 Long lived
HNL region
_ B 1
N, > vete™ oy
3o
Ill()l_1 | | - '1(')0
mz [GGV] ms [GGV]
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Models with upscattering signatures

Other predictions
Vh,
” N / e Vi )
_“;% ‘\/\/Z\< —ng L, 7

."Ow .

‘“.‘# ..’3:

Pseudo single photons at V_detectors:
More info soon w/ NOVA and MINERvVA?

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

No nuclear model — how important are non-QE non-COH

contributions?

Giant
resonance
Elastic NUCLEUS
Quasielastic
do A
do Ay DEEP INELASTIC
A\ EMC '/
l T 1 o
2 2 W
Q’ O Q7 4 300 Mev
2A 2m 2m

Double-bangs: scatter + decay.
Searched for at CCFR (1990).

9 NC/NC observed on a background of 34-0.2 (stat.)+0.4 (syst.)
P. de Barbaro, doi.org/10.1063/1.43269

Future opportunity for IceCube and DUNE,
[P. Coloma et al, arxiv:2105.09357]

. Hostert
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. . ] T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
Upscattering in dense neutrino detectors See also, Vedran Brdar et al, arXiv:2007.14411

T2K near detector (ND280)

C. Arguelles, MH, N. Foppiani, in preparation.

muanL = 100 MeV, U,a|?ape® =3 x 107
10_37 . - 10—3
Heavy lead plates ] :
as | o(re CCQE)
+ Gaseous Argon modules M 07t g
< ] J-PARC @ ND280 §
. . + — O _ )
+ Magnetic field to separate e "¢ g 107% |05 2
S BNB @ MiniBooNE E g
< D
© 10_40 coh ?':(:5
Pb POD Pb GATPC1  GArTPC 2 GArTPC 3 : opy, /82 L 196 &
: O'E)Oh/6 E
10—41 - T E T T T T T !
] | 1 1 1 I 1 1 10—7
. 1.0
< Nxpaso = (12.34 x 1029 POT)(2 tons/mp ) (Flux x o)
205 -
:
e —
= 0.0

I | | I I 1 I
0.25 050 0.75 1.00 1.25 1.50 1.7 2.00
E,/GeV

Constrains events with no hadronic activity at
vertex and HNLs w/ finite lifetimes.
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. . ] T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
Upscatterlng INn dense neutrino detectors See also, Vedran Brdar et al, arXiv:2007.14411

T2K near detector (ND280)

C. Arguelles, MH, N. Foppiani, in preparation.

10-%7 - munL = 100 MeV, \Upa|“ape” =3 x 10~ : -3 0.4 1 : std N decays—in—ﬂight
Heavy lead plates ; : heavy Z', mz = 1.25 GeV
—38 o(ve CCQE) [ I light Z’, mz = 30 MeV
+ Gaseous Argon modules 07 3 107! g 0.3 -
o ] J-PARC @ ND280 §
+ Magnetic field to separate e e~ . 1079 0 O % 09 - my = 150 MeV
S BNB @ MiniBooNE E E ' -
E 2
Pb POD Pb GATPC1 GArTPC2  GArTPC3 107 o}’ /82 6 E
] 1077 I 0.1 -
: o&" /6
el | LL
. I 1 1 1 1 1 1 10_7
g - 0 2 4 6
ZZ Nnposo = (12.34 x 102° POT)(2 tons/mp ) (Flux x o)
S 0.5 - ete™ energy / GeV o
a Preliminary
= 0.0 — 10° Model 1 ! “
| 0.25 0.50 0.75 1.00 125 1.50 1.75 2.00 independent = s, |
E,/GeV 10_2 1 constraints  °y | ,‘| 5
\ ' I
N 10~ 5 l 1
§ Lifetime | b
_ _ = 10~ {1 parameters g DiniBoolE
Precludes any signature of upscattering at Vapl? = 1
other existing neutrino experiments for 108 - Vapl|? = 1072
Constrains events with no hadronic activity at Vyp|? =104
vertex and HNLs w/ finite lifetimes. ct > 10— 15 cm 10—“10_3 T T T

my/GeV
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Upscattering in dense neutrino detectors

Searches for e+e- at the SBN program

New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

1S1T - mock example

Shower b

Some total rates for the model for 6 X 10?° POT with a BP of m, = 420 MeV and m., = 30 MeV (before efficiencies):

SBND: 16,800 events /112t @ 110 m baseline

MicroBooNE: 715 event /87 t @ 470 m baseline Z* scaling really helps the rate at LAr experiments.

Icarus: 2,401 events /476 t @ 600 m baseline
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Conclusions:

The existence of heavy neutral leptons could open a door into dark sectors.

Neutrino experiments are probing new forces that are much weaker-than-Weak

The Short-baseline puzzle remains unsolved.

New ideas with light particles are on the @;afket. They are all testabl‘e;\

Experiment-theory collaboration is currer)]; of utmost importance: AR
<3 ‘

' generators databases, theory-exp maps)

j}\
; ﬁlmentallsts can continue to provide data re]eases (and more data).
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