o T

-




Why Neutrino Experiments?

protons
Proton and ND > Ve
i Horn 1 Horn 2 Decayvolume Hadrondump M
#
—m — ok | =
B field W

Neutrino experiments are, by construction, sensitive to very rare phenomena.

I
|

Neutrinos

Very schematically,

G%Eymp
I'OtOIlS) X L2

N ~ (NPOTNP

> 10%
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Heavy neutral leptons @ neutrino experiments

FD

protons Proton and ND
i Horn 1 Horn 2 Decayvolume Hadrondump
#
—m — [k & | =

5
Typically, long-lived particles. ~ —* ~ |Uaa4/? (_)

N |Uaal’
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Heavy neutral leptons @ neutrino experiments

FD
protons Proton and ND
i Horn 1 Horn 2 Decayvolume Hadrondump
_’. e -, e———— T, K /’L = Q
e ——— A — e
B field M
Very schematically,
N~N G2m3 X Vi X = x 2 ) s | U I
~ Npot X Fly X detXEXE_ X‘ aN‘
N

Production and decay proceed via “weaker-than-weak” interactions.
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Decay-in-flight searches

T2K near detector (ND280)

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

FD
protons Proton and
i Horn 1 Horn 2 Decayvolume Hadrondump
#
o — —_— [k u Jl —_—
* A T e
B field N

Most sensitive searches below the kaon mass:

PS191 (low-density Helium bags) ND280 @ T2K (low-density GAr TPCs)

(1985 — 1 month of data) — oL gf;ee’t o, GATPC1 GAITPC2  GAITPC3

PLANE VIEW

iron shield
{5m)

decay funnel

19 GeV (Lg 1 m)
protons ’__l_‘ 4 4 . . | ~ beam axi_s

earth (65m)

G. Bernardi et al, Phys. Lett. 166B (1986) 479483 T2K collaboration, PRD 100 (2019) 5, 052006
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http://arxiv.org/abs/2109.03831

Limits on heavy neutrinos

Uen|® = |Urn|* =0, Dirac N
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Dark Sector Studies with Neutrino Beams, arXiv:2207.06898
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Limits on heavy neutrinos
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Decay-in-flight searches T2K collaboration, PRD 100 (2019) 5, 052006

T2K near detector (ND280)

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

Water

Pb Target GArTPC1 GArTPC2 GArTPC3

T2K performed a nearly-background-free
search in multiple channels, saw no events.

-

Pl M. Hostert 8


http://arxiv.org/abs/2109.03831

Decay-in-flight searches T2K collaboration, PRD 100 (2019) 5, 052006

T2K near detector (ND280)

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

Water

Pb Target GArTPC1 GArTPC2 GArTPC3

Re-evaluated PS-191 limits (~7 times weaker than lit),
and showed that T2K provides the leading limits on HNLs
decaying to e+e- below the kaon mass™.

Uen| = |Urn| =0

T2K (this work) Nl
T2K full (this work) == m==:
_, PS191 (this work) [
T ..1\~/IicroBooNE (Kelly and Machado [59])

e

. BBN 222

T2K performed a nearly-background-free
search in multiple channels, saw no events.

MB e(mn) = e(ms)

0.20 A === MBe(mn)=¢(cosbee) |  Z N S S S TR S T
. T2K (extrapolation) P12 IS I I IS
| | . 015 i l,/ A official T2K an(l/ 4+ v) /S / ", S S S ;/: / // ////////////// ; :
We extended these limits & 2, \_
to Mn < My by £ 0.10- 2
. . . . ’/ /'/ ',~ T—II
extrapolating efficiencies. N
/ YYD Y i l“
/l 10—9 (77 VITIIIIIIIIIIIIIIIIIIIIIIIIIIY, /////I/// Ll
0.00 £ . . . L
- o - po 20 40 60 80 100 150 200 400
my/MeV mn /MeV

-
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Decay-in-flight searches T2K collaboration, PRD 100 (2019) 5, 052006

T2K near detector (ND280)

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

Water

Pb Target GArTPC 1 GArTPC

T2K performed a nearly-ba
search in multiple channels,

limits (~7 times weaker than lit),
ovides the leading limits on HNLs
e- below the kaon mass®.

Cosmological constraints from BBN are complementary,
and severely constraint HNLs below the kaon mass with

cT > 0(0.1)s. Uen| = |Urn| =0

T2K (this work) IS
T2K full (this work) == m==:

But HNLs can be much shorter lived in the presence of - PS191 (this work) [
new interactions. ~'& «MicroBooNE (Kelly and Machado [59]) [l
L e BBN 1222

////////////

i N
i /4 / /S S e
000000

|

We extended these limits :
tO MN < M'rr by 4}/ /]

- Kl //
. . . W Z N / - 7 /
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New forces compete with a “weaker-than-weak” rate. |60 80 100 150 200 400
mn/MeV

Pl M. Hostert * True also for other leptonic decay channels: yy, ut, ey, etc. 10
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Decay-in-flight searches

T2K near detector (ND280)

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

Uen| =|Usn| =0 Gx/Gr =10°
1071
|
Bl T2K (this work)
=== T2K full (this work)
B PS191 (this work)
_ 1 MicroBooNE (Kelly-Machado)

107° 1 vz BBN (Sabti et al)

Event rate proportional to new physics decay rate

/ . 10—3_
PN—>X =~ thN—>X
VB

\

Very sensitive to additional contribution to decay rate _21 10_7 1

.~~
S
L

~

. 10_9 -
- Iwwea,k + Fnew—physms

FN—H/e"‘e %
10—11 _é <6_ // _______ )
/ Gx
Consider a four-fermion vectorial interaction: 10—13 ?6+ %/////////%.,

20 40 60 30 100 400

LD G—\/g (N’Y“N) (@’yﬂfﬂ) + h.c. mN/MeV

If decay proceeds via neutrino mixing,
the new force ought to be stronger than weak.

-
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Decay-in-flight searches

T2K near detector (ND280)

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

The decays do not have to proceed via mixing. Consider

o . Uen| = |Urn| =0, ptr =1 x 107°/GeV
a transition magnetic moment operator:

) 1075 -
tr — i
(]
- - —7 ]
Main decay into real photons: unfortunately, no good for 10 i
low-density detectors like ND280. Al b
RRRL l""
: : : Ly : i -9 [~ |
But virtual photon rate is still competitive. Collimated e+e- = 1077 -
a greater challenge, but magnetic field (B = 0.2 T) helps.
N — veTe™ — LH dirac my = 150 MeV 10—11 —
0.5 - _ N — veTe~ — LH dirac my =150 Mev ¢ . T -
- \r:;;zretf;u;ie;?;:n 0-51 vector four-fermion === T2K full (thlS WOI'k) - PS191 (thlS wor k)
0.4 - —— NC only 04- o moment BB T2K (this work) [ MicroBooNE (Kelly-Machado)
/ et 10_13 ' | — T T T T 1 | ;
;% 50 20 40 60 80 100 200 400
024 [+= 021 my /MeV
— - 0.1 -
0.1- L
= 0.0 —=—"— - . =‘=‘_‘_‘_‘—
0.0 | %%-—Iﬁ'_ 0 25 50 75 100 125 150

0 2 4 6 8 10 ete” invariant mass (MeV)

d (distance between bent trajectories at 10 cm)
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Decay-in-flight searches

T2K near detector (ND280)

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

The decays do not have to proceed via mixing. Consider Uon| = [Usw| = 0, my = 250 MeV

a transition magnetic moment operator:
e " 10—8 -
LD 71/&0 NF,,
Main decay into real photons: unfortunately, no good for
low-density detectors like ND280. 10710 -
2
But virtual photon rate is still competitive. Collimated e+e- = TNl
. . — §~ ?
a greater challenge, but magnetic field (B = 0.2 T) helps. - BN T2K (this work) . ~—f_-
- . ~~~ 4
N — vete™ — LH dirac my = 150 MeV R (thlS WOI‘k) ~“~ "'
0.5 P N — veTe~ — LH dirac my = 150 MeV B PS191 (this work) ”~,~ ','
— magmetic moment 2 wctor foue-frmion EE MicroBooNE (Kelly-Machado) o MiniBooNE ROI
_ magnetic momen
0.4 —— NC only 0.4 - —— NC only 0-14 ==== MicroBooNE-v (this work) (Fischer et al)
et i LR 1 T T T 1 o 1 T rorrrr]
- 0.3 1 / : 0.3 1 10—9 10—8 10—7 10—6
0.2 - o 0.2 |,UJtr | /GeV
o - 0.1 1
0.1 - . . .
- " ;:\—H_ - =‘=‘—‘—\_\_ MicroBooNE (high-density LAr detector)
0.0 . %-—3— 02 50 T 2&0\[) 125 150 can do significantly better with the photon channel,
0 9 A 6 8 10 eTe™ invariant mass (Me

but backgrounds are more severe.

d (distance between bent trajectories at 10 Cm)
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Dark decay channels of HNLs

weak

Charged meson decays and DIF

Target Detector

. ’ rSx /G
N Gx/ N-vSM  N-vSM

-
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Dark decay channels of HNLs

weak

Charged meson decays and DIF Neutral meson decays and DIF

Target Detector Target Detector

. v rSx /pG
N Gx/ N-vSM  N-vSM

-
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Dark decay channels of HNLs

weak
Ty TN
Charged meson decays and DIF Neutral meson decays and DIF Upscattering with prompt decay

Target Detector Target Detector A
A A Detector
. . PG G
N X

-
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E. Bertuzzo et al, [arXiv:1807.09877 W. Ab dJéI:_e:E gt Z: :&:zggg;ggggg
Dark Sectors in the MiniBooNE Low-Energy Excess s oaiel et al landvi B9zl B, Dutta et al. [aniv:2006.01319
C. Arguelles, MH, Y. Tsai, [arXiv:1812.08768 A Datta et al. [arXiv-2005.08920

' ' ' ' P. Ballett, MH, S. Pascoli, [arxiv:1903.07589] -
Particle production inside the detector A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813] ¢ o oo JAXIGZAR. 13 19

v {"“"inv
Carbon Oa ooc>o : Oo o qODQO 4 7 Y
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Transition magnetic moment

The model

Dimension-5 operator

| . o EWSB
< D FLHG’” Np (CB B/w + Cy Wﬂyaa> R XD daN U—agﬂy FHy Np
Transition magnetic moment == Dipole portal

-
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Transition magnetic moment

The model

Dimension-5 operator

| R 5 . S EWSB
% > —LHo" Ny (C5 B, + Ci Wio, 5 dy T, PN,
Points to keep in mind:
e My
dy ~ 1y6Lyf s 4y~ 1PeVT! ——s my~ 6(100GeV)
- m
§b+ rrr' $ For, e.g., fﬂ =7

- -
- "~

: o !
yL f_ yR m yLyR N o
p D~ Y —_—> O MIXIng.
1672 °F g

For values of interest, probably need some heavy particle inside the loop.
May be 7 or something else completely.

-

Pl M. Hostert See also Brdar et al 2007.15563 for an interesting leptoquark model with b-quarks in the loop. 19



Transition magnetic moment

MiniBOONE region ()f interest N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles,
J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

3.0-
1 = Dipole Model
107+ T ] i Benchmark == {df)m/\/} = {12.5 x 1077 GeV~L, 0.47 GeV}
i \ 'l 9 5_ | vy — Ve (Global Best Fit w/o MiniBooNE)
LSND v, ES NOMAD 'y S l {Am?,sin2(20)} = {1.3 eV 6.9 x10~*}
,' % HH  MiniBooNE Data
i f We also added eV-sterile o0t
- Benchmark ,5,;'/ oscillations on top of the dipole S I
S 5 : : : = :
- %Y / using the global best-fit point mEEEIS SI
fl from Vergani et al, 2020. Zz 1 T
T N N e 210 |
.Q. \\\ \\\\ /; I, é
'@1 . \\\\\ RSN ,// I, E
CHARM v, BS~ """ A 0.5
10774 0.0
: Benchmark 200 400 600 800 1000 1200 1400
] 250 © E9F [MeV]
: SN1987A - EVQE 20 CL == cost 20 CL 1 L Dipole Model
S E 34 cosf 3o ] {d,my} = {125 x 1077 GeV ™!, 0.47 GeV}
i EVQ Ao CL 737 Ch ; v, — v, (Global Best Fit w/o MiniBooNE) T
' ' L ' ' oo 2004 Am? sin?(20)} = {1.3 eV2 6.9 x10~* !
1 O L 1 02 1 03 . HH IE’IiniBooNé D)a}ta e pa E
my [MeV] Ewo—:
2
Performed a fit to the MiniBooNE low-energy excess. 2 100 Angular and energy
= spectrum fits overlap only
Updates previous fit in Vergani et al arXiv:2105.06470 with: 50- at the largest m,, values.
1) detector simulation in Leptonlnjector Lt
2) coherent cross-sections from DarkNews (improved nuclear FFs). o <05 0.0 0.5 1.0

-
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Transition magnetic moment

MINERVA limits from v — e scattering measurement

N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles,
J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

Elevation View
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Transition magnetic moment
MINERVA limits from v — e scattering measurement N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles,

J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

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

-
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Transition magnetic moment

Taal — ' N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles,
MINERVA IlmltS frOm v € SCatterlng measurement J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

8000 T
! 1 my =0458, dyn = 1.3 X 1076 (Neyy =591)
: 1 mpa =0.284, dypn = 6.6 x 1077 (Nevy =1301)
— 6000 1 i mar = 0.1501, dyn = 2.6 X 1077 (Neyy =3252) MINERVA uses the fact that
.
S 40004 | EOQ° < 2m,
= 2000 JJ_[ for v — e scattering.
0 : T T L | E—
0 10 20 30 40 50 60
E6? [MeV]
I
———————————————————— =\
\
. 2 107! -
This hurts us badly, % 1 === Eq > 800 MeV
but there are a huge e 10—2-; m—= E, > 800 MeV
. 3 ' 2 0.02 GeV
C. Arguelles, MH, Y. Tsai, PRL123.261801 number of N £ QQE—reco < 0. ©
that decay inside the jj; 107°y — E,, > 800 McV
volume of the analysis. : QB —reco < 0.02 GeV
104 | Eq,02, < 3.2 MeV
101 107 10°
mps [MeV]
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Transition magnetic moment

Taal — ' N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles,
MINERVA IlmltS frOm v € SCatterlng measurement J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

MINERVA coll. PRL117, 111801 (2016) arXiv:1604.01728

600} Statistical uncertainties only
Absolutely normalized
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1.5} +++
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Data/Sim.
—+—
!

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

+ Excess of events attributed to diffractive 7" production
(In this case, they see a hadronic vertex)

Interesting piece of data that can be studied already.

-
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Transition magnetic moment

Taal — ' N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles,
MINERVA IlmltS frOm v € SCatterlng measurement J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

Antineutrino-electron scattering

dow = 1.3-107% GeV™!, my = 458 MeV

400 -
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Ve — €

®
L
x
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arXiv:2209.05540

2

7

Events/(1 MeV /1.7 cm)
= = DO DO o
==,
S & &5 & 3

%

744 %%
4
, % ‘

Jd 7’ 7 i
///////{//////ﬁ%ll
%

~r---

"

7%

C. Arguelles, MH, Y. Tsai, PRL123.261801 0 etz
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o |
o

Post-tuning of backgrounds.
Assign 30% and 100% uncertainty to cover it.
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Transition magnetic moment

Taal - " N. Kamp, M. Hostert, A. Schneider, S. Vergani, C. A. Arguelles,
MINERVA IlmltS frOm v € SCatterlng measurement J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

107° 5
1 Bkg sys uncertainty
big = 0-3 3000 T
- = fpkg = 1.0 ! 1 max =0.458, dyn = 1.3 X 1076 (Neyy =591)
L : 1 my =0.284, dyn = 6.6 X 1077 (Nevt =1301)
:\\ = 6000 - i ma = 0.1501, dyn = 2.6 x 1077 (Neyt =3252)
\\\ \\ \C@o/ i
— c |
= 10-6 - = 40004
~. = 2000 _IJJ-
£ i
S .
O ! | | | L |
0 10 20 30 40 50 60
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MiniBooNE 95% €L ME FHC
EQE cos 0 —— ME RHC Angle cuts hurt us badly,
! ! ! ! ! L | ! ! ! ! ! L
101 102 10°

my [MeV]
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Transition magnetic moment

Taal - " N. Kamp, M. Hostert, A. Schneider, S. Vergani, C. A. Arguelles,
MINERVA IlmltS frOm v € SCatterlng measurement J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

s drn =0
105 - —
: ~ IiniBooNE 95% CL. ,
1d s -~ / /,
NS P Prad ’ /
oz ES cosf - 7 8000

1 ma =0.458, dyn = 1.3 X 1075 (Neyt =591)
1 my =0.284, dyn = 6.6 X 1077 (Nevt =1301)

— 6000 - mpr = 0.1501, dyar = 2.6 X 1077 (Neyy =3252)

4000 -

Event rate (a

O | | 1 |
0 10 20 30 40 50 60
E6? [MeV]
: N8 A —— MINERvA ME RHC 95% CL (niie = 0.3) Angle cuts hurt us badly,
10! | T '1(')2 | R '1(')3 but there are a huge number of N

mar [MeV] that decay inside the volume of the analysis.
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Transition magnetic moment
MINERVA IImMits from v — ¢ Scattering measurement N. Kamp, M. Hostert, A. Schneider, S. Vergani, C. A. Argielles,

J. M. Conrad, M. H. Shaevitz, and M. Uchida, arXiv:2206.07100

Bkg sys uncertainty “Bkg SYS unc\é‘rtainty
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== Npkg = 1.0 _— bkg = 10 ;
7 7 :
> > -
O O i
< <) ||
= =z s
=g o w
= = %
- i
L
MINERVA 95% CL : MINERVA 95% CL
MiniBooNE 95% CL ME FHC | | MiniBooNE 95% CL | i ME FHC
EQE cos 0 — ME RHC . m ERE cos ¢ —— ME RHC
| - | - | | - | | I S
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my [MeV] my |[MeV]
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| J. Liu et al. [arXiv:2001.06522
. y : L . .
E. Bertuzzo et al, [arXiv:1807.09877] '\, A\ qaliah et al [arXiv:2202.09373]

P. Ballett et al, [arxiv:1808.02915] ;
. . larX] B.D | 2006.01319
C. Arglielles, MH, Y. Tsai, [arXiv:1812.08768] D:tttt: eett - :&!32882 88920

P. Ballett, MH, S. Pascoli, [arxiv:1903.07589] - 1
A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813] SBB';”;;? sttsll :&:zég?g'ggog

Neutrino scattering signatures

Searches for EM final state

vV

=

Upscattering cross sections in different models:

Normalized cross sections for light mediators

10° :
=
S
v ;
N B O
e =
Y A > {
310007 |
A EbS l Scatt regime
~~ 1/}
et S : p . . coherent
: / dipole SS — == p-elastic
Carbon | —— light vector =
——— light scalar \\*\\
]_0_2 1 T T ==
0.0 0.5 1.0 1.5 2.0
1% E,/GeV
N e
vy { H
+ .'t. - =
- ! Not all neutrino experiments would see the
@ same physics. Importance of complementarity.
&
Carbon
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
https://arxiv.org/abs/2006.01319
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https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915
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https://arxiv.org/abs/2007.11813

Neutrino scattering signatures

Searches for EM final state

Normalized cross sections for light mediators

i
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Upscattering cross sections in different models:

E. Bertuzzo et al, [arXiv:1807.09877]
P. Ballett et al, [arxiv:1808.02915]

C. Arglelles, MH, Y. Tsai, [arXiv:1812.08768]
P. Ballett, MH, S. Pascoli, [arxiv:1903.07589]
A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813]

MINERVA 1 — e scattering
Phenomenological studies

C. Arglelles, MH, Y. Tsali,
[arXiv:1812.08768]

Pb POD GArTPC 2 GArTPC 3

MicroBooNE e¢"¢™ and y searches
Currently on-going

Pb GArTPC 1

J. Liu et al

arXiv:2001.06522

W. Abdallah et al, [arXiv:2202.09373]
B. Dutta et al, [arxiv:2006.01319]

A. Datta et al
B. Dutta et al
S. Bansal et al

arXiv:2005.08920
arxiv:2006.01319
arXiv:2210.05706

Summary of the current datasets explored:

T2K e¢Te™ and y searches
Phenomenological studies

C. Arguelles, MH, N. Foppiani,
arXiv:2205.12273
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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 as a test of MiniBooNE results.

N
NS

N

\
m

\

=
///

-
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y
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/
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Short-Baseline Neutrino Program at Fermilab

Target SBND MicroBooNE ICARUS
Short-Baseline Neutrino Program uniquely positioned to

put this class of models to test.

Dedicated searches are crucial to address this chapter
of the MiniBooNE saga.
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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 as a test of MiniBooNE results.

Ar

MicroBooNE

Pseudo-single photon events:
0,, < 35°

Overlapping pairs assumed to
fall within the single-photon
selection at MicroBooNE.

MicroBooNE Coll.,
PRL.128.111801

Light dark photon

Coherent
enhancement
o X Zz,
means argon
Leads to higher rates

MiniBooNE p-value = 0.56
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DarkNews Generator

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, arXiv:2207.04137

DarkNews Is a lightweight MC generator for new physics in neutrino-nucleus scattering.

. . . . , pip install DarkNews
Including vector, scalar, and dipole mediators in upscattering processes to up to 3 HNLs.

github.com/mhostert/DarkNews-generator

DarkNews—generator — zsh — mhostert

/ NN/ |
\V VA_N\
|\ NS |/

Model:
1 majorana heavy neutrino(s).
kinetically mixed Z'

Experiment:
MicroBooNE
fluxfile loaded: ../fluxes/MiniBooNE_FHC.dat
POT: 1.225e+21
nuclear targets: ['Ard0']
fiducial mass: [85.0] tonnes

Note that the directory tree for this run already exists.

Generating Events using the neutrino-nucleus upscattering

nu{mu) Ar4d®0 —> N4 Ard4® —> nu_light e+ e- Ar40
Helicity conserving upscattering.

N4 decays via off-shell Z'.

Predicted (790 +/- 9.5) events.
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DarkNews Generator

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, arXiv:2207.04137

DarkNews Is a lightweight MC generator for new physics in neutrino-nucleus scattering.

. . . . , pip install DarkNews
Including vector, scalar, and dipole mediators in upscattering processes to up to 3 HNLs.

github.com/mhostert/DarkNews-generator

DarkNews—generator — zsh — mhostert

Modeling several processes for GeV-scale accelerator experiments:

/ NN/ _] % NL 7 NiA
\V VA_\ JZ U
N Scattering: 5
S;" ZZ,;ZV’)/ E ll,
Model: :
1 majorana heavy neutrino(s). I/A — NA A J A C
kinetically mixed Z'
(Coherent & QE peak) . | . |
— Helicity conserving or flipping upscattering v — N

MicroBooNE

fluxfile loaded: ../fluxes/MiniBooNE_FHC.dat
POT: 1.225e+21

nuclear targets: ['Ard0']

fiducial mass: [85.0] tonnes

Two scattering regimes:

Note that the directory tree for this run already exists.

Generating Events using the neutrino-nucleus upscattering

» Coherent nucleus scattering (Nuclear Data Tables Fourier-Bessel FFs)

nu{mu) Ard® —> N4 Ard40 —> nu_light e+ e- Ar40
Helicity conserving upscattering.

N4 d ] ff-shell Z'. ° " -
e (700 7 8.5) avents. Scattering on free nucleons (proton & neutron dipole FFs).
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DarkNews Generator

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, arXiv:2207.04137

DarkNews Is a lightweight MC generator for new physics in neutrino-nucleus scattering.

. . . . , pip install DarkNews
Including vector, scalar, and dipole mediators in upscattering processes to up to 3 HNLs.

github.com/mhostert/DarkNews-generator

DarkNews—generator — zsh — mhostert

Modeling several processes for GeV-scale accelerator experiments:

/ NN/ _] v Ni Yy Ni
\V VAN :
—I NS Scattering: g sy -
Model: ji
1 majorana heavy neutrino(s). I/A — NA A U A U

kinetically mixed Z'

(Coherent & QE peak)

Experiment:
MicroBooNE
fluxfile loaded: ../fluxes/MiniBooNE_FHC.dat

POT: 1.225e+21 HNL decay:

nuclear targets: ['Ard0']
fiducial mass: [85.0] tonnes

Note that the directory tree for this run already exists. jNJ—'-€> l/Zf%+_Z?__

Generating Events using the neutrino-nucleus upscattering or

nu{mu) Ard® —> N4 Ard4® —> nu_light e+ e- Ar40 ]\]."€> l/}/
Helicity conserving upscattering.
N4 decays via off-shell Z'.

Predicted (790 +/- 9.5) events. N may be Majorana or Dirac, with either helicity states.
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DarkNews pipeline

User input

Model parameters

Pre-defined models with
Z,7', h',y mediators.

Experimental parameters

e Neutrino flux and exposure,
e Nuclear targets and fiducial mass.

-
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DarkNews pipeline

User input
Model parameters Experimental parameters
Pre-defined models with | | ¢ Neutrino flux and exposure,
Z,7', h',y mediators. e Nuclear targets and fiducial mass.

Sample differential rates

Use vegas to sample the event rate,

dN  do [ dly,,x 1
do2dPS dQ2\ dPS T,

using adaptive sampling and stratification.

Weighted samples, saving event rate, flux averaged cross-section, and
decay rate weights.

Repeat steps for each process chain: one for each nuclear target, scattering
regime, projectile neutrino flavor, decay chain, and helicity channel.

Physics engines

-
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DarkNews pipeline

User input
Model parameters Experimental parameters
Build events
Pre-defined models with | | ¢ Neutrino flux and exposure, Build particle 4-momenta from integration samples
Z,7', h',y mediators. e Nuclear targets and fiducial mass. and propagate HNLs assigning (2, x, y, z). Samples, model,
and experiment classes are saved to pandas dataframe.

Sample differential rates

Use vegas to sample the event rate,

dN  do [ dly,,x 1
do2dPS dQ2\ dPS T,

using adaptive sampling and stratification.

Weighted samples, saving event rate, flux averaged cross-section, and
decay rate weights.

Repeat steps for each process chain: one for each nuclear target, scattering
regime, projectile neutrino flavor, decay chain, and helicity channel.

——
Physics engines

-
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DarkNews pipeline

User input Output

Model parameters Experimental parameters
Build events

Pre-defined models with e Neutrino flux and exposure, Build particle 4-momenta from integration samples

Z,7', h',y mediators. e Nuclear targets and fiducial mass. and propagate HNLs assigning (2, x, y, z). Samples, model,

and experiment classes are saved to pandas dataframe.

v

Sample differential rates Output to file
Use vegas to sample the event rate, Final datatrame stored in GenLauncher class and events
dN B do dFN—wX 1 saved to file.
do2dPS dQ2\ dPS T,
using adaptive sampling and stratification. / \
Weighted samples, saving event rate, flux averaged cross-section, and ' ‘ SOy
] 1. IR CILICICIS T NumPy
decay rate weights. N,-
dataframe ndarray hepevt.txt hepmc3.mc3
Repeat steps for each process chain: one for each nuclear target, scattering /
regime, projectile neutrino flavor, decay chain, and helicity channel. pyhepmc

——

A Pythonic wrapper for the HepMC3 C++ library.

P hys I cs e n g I n es clddeid - aadaiaid -

PI M. Hostert




Conclusions: Thank you!
mhostert@pitp.ca

Neutrino experiments provide a key probe of decay-in-flight of new particles (esp. below the kaon mass).

Closing gaps between cosmology and laboratory in HNL models, except when decay interaction is stronger-
than-Weak (TMM or light dark photon and scalars).

T2K ND280, MicroBooNE, and PS-191 provide leading limits in large regions of parameter space.

At the largest interaction strengths, new forces lead to neutrino-production of HNL inside dirt/detector.
For TMM (transition magnetic moment) is not dead yet.
Large angle and dE/dx data of MINERVA could probe all parameter space of MiniBooNE.

DarkNews publicly available. It simulates upscattering + decay signatures in accelerator beams.

aithub.com/mhostert/DarkNews-generator
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Nuclear Form Factors

12C electromagnetic form factor

107" - N T
\ S Vergani et al
Kamp etal \\7™<X ‘\\\
10-34 T Dipole \\ \\\\\
_ Mp = (1.18 4 0.83A4'/3) GeV PA S~
S I =
S F'S Woods-Saxon |
— 1077 - ro = 1.03A'/3 fm, a = 0.523 fm |
l H\
— = Helmz [
10~7 - a = 0.523 fm, 7o = 3.9(A4/40)/3, s = 0.9 fm |
|
Fourier-Bessel w/ Nuclear Data Tables | |
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10~2 101 100
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Transition magnetic moment

MINERVA limits from v — e scattering measurement

C. Arguelles, MH, Y. Tsai, PRL123.261801
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E. Bertuzzo et al., [arXiv:1807.09877]
P. Ballett et al, [arxiv:1808.02915]

Dark neutrinos ] |, [arxiv:1808.02915
. . . . C. Arguelles, MH, Y. Tsai, [arXiv:1812.08768]
Heavy neutrinos interacting via the dark photon P. Ballett, MH, S. Pascoli [arxiv:1903.07589)]
A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813]
Neutrinos up-scatter into HNL,
which promptly decays via m2 ( n+3
) %> % mass+—2"Z,+ 7,1 ee) ¥, + M, V) 7r'y,
N —e'e V) 2 \ ij
D V12
1% /€+
A A .
K 1% N 7! e —(e‘.:;_)z= (88)2\ e
- M
—— Yl
Vi N
(&
Carbon

43
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E. Bertuzzo et al., [arXiv:1807.09877]

Dark neutrinos P. Ballett et al, [arxiv:1808.02915]
C. Arguelles, MH, Y. Tsai, [arXiv:1812.08768]

Heavy neutrinos interacting via the dark photon P. Ballett, MH, S. Pascoli [arxiv:1903.07589)]
A. Abdullahi, MH, S. Pascaoli, [arXiv:2007.11813]

*
*
*

Neutrinos up-scatter into HNL,

which promptly decays via m2 ( n+3
7 '\
! 123944 / H V7”1,
N Lo < D) gy_mass | ) / Zﬂ + ZM | e€ JEM + Z{ ‘/l vy I/]
) N N N L lwyl?
— L —_—\
A A ) N
1/ L —_— e — (88) —
H 7, N ’ € (ee/ )2 €
7 \ A
Z, \‘/\/\<
Vi
e myg =74 MeV, ms =146 MeV, mg =220 MeV
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Carbon coh N5 — N (186 events) 400 -
incoh N5 — N4 (337 events) mz = 1.25 GeV
é 100 - ,_0_‘+‘ ?oh Ng — N4 (28 events) é 300 - 2 — 46 % 104
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Dark Neutrino Sectors

Upscattering at the T2K near detector
C. Arguelles, MH, N. Foppiani, arXiv:2205.12273
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J-PARC beam is more intense and peaks in a similar energy range to the Booster Beam.

Ratio of upscattering events in T2K similar to that in MiniBooNE. Should see hundreds of HNLs or more.

-
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Dark Neutrino Sectors

Upscattering at the T2K near detector

C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

Water Target

Benefit of this detector:

Heavy lead plates

b

101 1 [1 preselection 1 cr®=1cm + Gaseous Argon modules
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o
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w 107
g i 1P
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https://arxiv.org/pdf/2205.12273.pdf

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)

Dark Neutrino Sectors

See also, Vedran Brdar et al, arXiv:2007.14411

Upscattering at the T2K near detector
C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

T2K search: + Heavy lead plates
protons Pb Taf;‘:f‘ pp GATPCT GAITPC2 GArTPC3
| - ey | v A + Gaseous Argon modules No events were observed.
o A | Backgrounds were < 1.

+ Magnetic field to separate ete™

0.4 - [ std N decays-in-flight
heavy Z/, mz = 1.25 GeV
0.3 - light 27, mz: = 30 MeV The search focused on the decay
in flight of HNLs (solid black)
2 0.2 my = 150 MeV
l/‘“
0.1 Our upscattering signal is different,
mostly in energy (colors).

0.0

6

0 2 4
ete™ energy / GeV
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T2K Collaboration, Phys. Rev. D 100, 052006 (2019)

Dark Neutrino Sectors

. See also, Vedran Brdar et al, arXiv:2007.14411
Upscattering at the T2K near detector

C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

o Dataset Il — The T2K search for single photons
Dataset| — The T2K search for the decay in flight of HNLs

my = 0.1 GeV, mz = 0.03 GeV, 2000 -

ap =0.25,e=25x 1073, |[V,y|? =8 x 107° Analysis-1I FHC

7 5 signal reco SM expectation
Analysis—I FHC qg_) 1500 _ ¢ 1 Signal KDE + data
o 1 signal expectation % T: systematics
'Gg) 107 - data 68% upper limit o '
+ -
% systematics 5 1000 ‘ / 4o N
o SM expectation F.é 4 (30 MGV) — € € ;
g 10° 2 500- ¢ | '
= ; .
2 O I ° I : o T |. ~ I
0.00 0.05 0.10 0.15 0.20
10— eTe” invariant mass |GeV]

_ _ Scatterings and decay inside FGD.
Single bin. No events observed.

Backgrounds and smaller target mass means this

(Nearly-)Background-free search. dataset is less sensitive the Dataset |. But only one that
targets promptly-decaying cases.

AN M. Hostert 48



https://arxiv.org/pdf/2205.12273.pdf

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)

Dark Neutrino Sectors |
See also, Vedran Brdar et al, arXiv:2007.14411

Upscattering at the T2K near detector

C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

my = 1.25 GeV, ap = 0.4, e = 0.021, |Vy|? =1

1077 4 »
] Model 5 mz = 0.03 GeV, ap =0.25, ¢ = 1.7 x 10
10~ o independenty 1072 5 i
] constraints \ | , Benchmark
—4 ] \ Y ] point
10 \\ ,/ 106 : This work
10-5 \ i : Full T2K-I
N 1 q > A\ , ol ] === Full T2K-I + T2K-II
% 1076 4 eavy \ L ;1 1077 3 MINERvA ME
~ Benchmark \\ & /= MiniBooNE — /
74 * - \ » o ROI
10 point \ ¢
5 , \ | 1073 - - CHARM-II
10~ 4 This work \ 7, ] e _
- \ / - Light Z°
9 i FUII 1 QK—I \_/ 5 1 Best fit 3o
- m 10_ ' ' o0 ' ' ' ' o
10 3 - = Ryll T2K-1 4+ T2K-I1 10-1 100
1()_10.3 A my [GeV]
10~ 10~ 10~ 10
TN [GGV]

ete™ models with c7y/my 2 3 cm/GeV

are in tension with T2K data.
* Unfortunately, no MiniBooNE fit available yet.
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https://arxiv.org/pdf/2205.12273.pdf

Prompt decays at Kaon factories

Three charged lepton signatures

Rare leptonic kaon decays Existing measurements:

Peak search + (displaced) e+e- vertex .
BR(K™ — u"ve'e™) = (7.81 + 0.21stat.) x 107° @ NA48/2

o
n BR(K" — u"vutu) <4.7x 107" @E787
/ Both SM process will be measured by NAGZ2.
7' U N : _
< ew physics challenges:
U3 M. S. Atiya et al., PRL.63, 2177 (1989) Main challenge comes from pion Dalitz decays at mee < 140 MeV
% 600:=’— ----------------------- ... —— Data - Kt — lu+vlu(7'[0 — ye*e‘)
,E :1 ~—eo— IB only Ku‘vuew' MC
At NAB2, would expect ~3000 events e P Additional cuts can reduce pi+ decay backgrounds:
in existing data for our benchmark. 4002_ + ___________ » .................. i D K+ = (1" = u*v)ete- e > 150 MeV
‘pK — pz| — M5.6 2001~ [ ————— Ultimately, depends on exp resolution, but BKGs can also be
s — |pK — g —p | — My 1005 Tl | reduced with displaced vertices. At NA62, this is feasible for
_ 3 CT >10 ps
mee < m5’6 m4 0 0.1 0.15 10.21 | 025 0.3 0.35 0.4

z=M_/My)’
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Prompt decays at Kaon factories

Three charged lepton signatures

Rare leptonic kaon decays Light dark photon case
| ve = 400 MeV, m,, =300 MeV, x?=10"°
Peak search + (displaced) e+e- vertex Smoking gun peak at light 104 i - :
Ov —*Vp gy /—c l
, dark photon and HNL mass _— e o
K « \\ _____________ P peak ‘searches
1064 | 3! T
—7 ] i: N
7' 0 L ;
B g ] X -
10774 3 ! =
5 < y
65 1072 4 g‘ : Z
3 =
—10 © T :
10 3 c% NA62 (K — uvee) —
i - \ I
At NA62, would expect ~3000 events 10— e
in existing data for our benchmark. 10-12 i =
0 20 100 150 200 200 300
mz = g'v, (MeV)

\pK — p£| — M5.6
TNmiss = |pK — D¢ — pee| — T4

Mee < M5 6 — My Bump hunt and displaced vertex search currently
being carried out at NAGZ2.
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On-shell light 2’

E. Bertuzzo et al., PRL121.241801
C. Arguelles, MH, Y. Tsai, PRL123.261801

[
(oL
|

Excess Events/MeV
[
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R~ data
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300 - my Uual?
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—=— 200MeV, 7.32 x 1078

200 -
~==- 420MeV, 9.00 x 10~7

Excess Events
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cos @

MiniBooNE 2018

Excess Events

All Distributions

Off-shell Z’ w/ Z-Z’ interference Off-shell Z’ (no Z-Z’ interference)
F. Ballett et al, PRD 99.071701 A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813

mgy = 74 MeV, my5 = 146 MeV, me — 220 MeV

200

180 E_ . MiniBooNE excess dgta 150
- 12.84e20 POT Neutrino-Mode coh N5 — Ny (186 events)
160~ This Model B incoh N5 — Ni (337 events)
g 140:_ M,=1.215 GeV, MN=0.140 GeV jB 100 i coh NG sy N4 (28 events)
L%J 120 %-. ______ Sterile Neutrino Oscillation § incoh Ng — Ny (51 events)
P - sin’26 = 0.894, A m* = 0.04 eV? O
@ 100 ”
O  ossessnss d
i sof- 1 g o0
60/ Energy -
40“-"""l —} 25 —4—
- 0 R e -
20— +
S = S ' T T T T T T
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Reconstructed Visible Energy [GeV] ; 1 / GeV
200
i MiniBooNE excess data
_ 12.84e20 POT Neutrino-Mode 400 - _
150 This Model 4 mz = 1.25 GeV
B M,=1.215 GeV, M = 0.140 GeV 2 300 -
= g2 = 4.6 x 1074
o Sterile Neutrino Oscillation g
100|- sin26 = 0.894, A m? = 0.04 eV? v 200 -
B
- Angle 1 =
50— J L | —— = 100 -
i — . +
i s . 3
l _+_4—+—'_+_'._—l'— 0t et e =
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https://arxiv.org/abs/2007.11813

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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