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Incompleteness problems:

Dark matter

Neutrino masses and mixing

Predictivity problems:

Topological angle 6cp — 0
(strong CP problem)

Fermion mass pattern
Higgs mass and naturalness

Matter-antimatter asymmetry






Prongs of intensity frontier

Long-lived particles ( & Lifetime)

The existence of new light particles is not mandatory for solving
the predictivity and incompleteness issues of the Standard Model.

Precision
But it sure would provide major hints of the direction forward.
Ener . T 9
% Searching for new “dark sectors
IS cheap™ but also exciting!
Lifetime

*but not free, we do have to think about it.
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Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors

3) Long-lived particles below K, 11, and y masses
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What is a Spallation (Neutron) Source?

Incident
proton
— —p

Lead ® |ntran ucleeN
Competing cascade

(O(GeV) proton beam on dense targets =Veparaie] proces\\s«is
v
— bright neutron sources H'gf?;gmgy

— efficient pion (+ kaon) production

Spallation

roduct A =
E ®| ow-energy  products

neutron
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Why a Spallation (Neutron) Source?

Oak Ridge Spallation Source instruments
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Why a Spallation (Neutron) Source?

Beams give you more control:

1) no secondary processes

(no criticality needed — endothermic)

Tohoku Tsunami

Fukushima disaster
| ] KamLAND —
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Why a Spallation (Neutron) Source?

B Be
® Sn
A Pb diam 10

Beams give you more control: v Pb diam 20
< U-238
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1) no secondary processes
(no criticality needed — endothermic)

2) More neutrons per proton
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Why a Spallation (Neutron) Source?

Modern Spallation

“Modern” Reactors

Beams give you more control:

9
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/ OPAL
SINQ-II

SINQ

1) no secondary processes
(no criticality needed — endothermic)
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Tohoku LENS CPHS
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2) More neutrons per proton

A Low-energy charged particle sources
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O Fission reactor
fBerkeley 37-inch cyclotron @ Pulsed spallation sources

3) Sources are pulsed

/ & Steady spallation sources
0 m Future (>2010) sources

35 mCi Ra-Be source
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This is an opportunity for fundamental physics.
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ISIS (Rutherford, UK)
® 0.8GeVp™ )

)
N

SNS (Oak Ridge, USA)

e 1GeVp™ " +
e 1.4 MW and 1.1 mA : ﬁ”iffvvaﬁd 24 mA
® 60 Hz . |

® Continuous

® 400 ns single-pulse
e About 9% fDAR/POT )/ * Total of (—) 7DAR/POT

LANSCE current (Los Alamos, USA)
¢ 0.8GeVp™
® 0.1 MW and 0.125 mA
e )0 Hz

® 290 ns single-pulse
e Total of 4.6% nDAR/POT

LAMPF/LANSCE 93-98 (Los Alamos, USA) [
¢ 0.8 GeV p*

® 0.65 MW and 0.8 mA

e 120 Hz

e 600 us (0.25 ns substructure)

e Range between (6.7%—9%) uDAR/POT

'y n/u™ /K" DAR sources

----
\ ¥

JSNS (J-PARC, Japan)
® 3GeV pt

e 1 MW and 0.33 mA

e )5 Hz

® 100 ns double-pulse (total 800 ns)
e Total of 10% 7DAR/POT

e Total of 0.54% KDAR/POT

>



ISIS (Rutherford, UK)

- ® 200 ns double-pulse (total 700 ns)
| ® About 4% zDAR/POT

¢ (0.1—1.3) MW

® (60—120) Hz

® (20 ns—2 us) single pulse

e Expected around 10% #DAR/POT

® Expected 2.8 ms

)
N

ey

SNS (Oak Ridge, USA)
¢ (1-13)GeVp™

e (1.4—-2.8) MW

® 60 Hz

® 400 ns single-pulse
e About (9% —11%) nDAR/POT

) ¢ 0.59 GeV p*
® 1.4 MW and 2.4 mA
® Continuous

LANSCE current (Los Alamos, USA)
¢ 0.8 GeV p™
® 0.1 MW and 0.125 mA
e 20 Hz
¢ 290 ns single-pulse — 100 ns (LANSCE-PSR) ‘
e Total of 4.6% nDAR/POT "

LAMPF/LANSCE 93-98 (Los Alamos, USA) [
¢ 0.8 GeV p*

® 0.65 MW and 0.8 mA

e 120 Hz

e 600 us (0.25 ns substructure)

e Range between (6.7%—9%) uDAR/POT

} ()
RS
KJ’:}'{:‘\\
5 rr . \ N

nt/u*/K* DAR sources

ESS (Lund, Sweden)

_ ¢ 08GeVp" ) e 152 GeVp™*
F2D2 (Fermilab, USA — proposal) fet ® 0.16 MW and 0.2 mA e 25 MW and 62.5mA
* (0.8—2) GeV p* £ ® 50 Hz o e 14 Hz

} e Expected 30% 7DAR/POT (??)

e Total of (—) zDAR/POT

CSNS-I — CSNS-II (IHEP, China)
¢ 1.6 GeV p*

¢ (0.1-0.5) MW and (0.06—0.3) mA

e 25 Hz

< ® 100 ns double-pulse (total 800 ns)

e Expected 17% aDAR/POT

)
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JSNS (J-PARC, Japan)

e 3GeVp*

® 1 MW and 0.33 mA

e )5 Hz

® 100 ns double-pulse (total 800 ns)
e Total of 10% nDAR/POT

e Total of 0.54% KDAR/POT

Future sources w/ v detector plans
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Pulse shape

Oak Ridge Los Alamos

Stopped-Pion Neutrino Timing Spectrum
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Spallation sources as a neutrino source

IIIII 00

10 — 10%* z*, KT, and u* decays at rest
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—EER LT TR

Hadron Reaction (GeV/c?) (GeV) GeV beam (MeV)

—_

f

::. £ i
(11 TP Ry %HH} JML ’M LI,

100 150 200 250 300

o

pnmwT 1.878
PP T W 2.016

PP’ 1.876

2.018
2.156
2011
2.547

1.233
1.54

1.218

295
602
280 I

Energy (MeV)

A%p K+ 2.053
pp K™ o B 286 3.434 92496
pEt KO 2.1 2.628 2.743 1805

2.52 1582 Very few locations!

J. Conrad
H

*e
G
‘e
e
.
"
e,
--------------------------

CEVNS and neutrino physics program
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Long-lived particles at Spallation sources

10 — 10%* z*, KT, and u* decays at rest

%
M
et 7
s://coherent.ornl.gov/how-do-you-look-for-cevns/ /4 +

- -_/
S @ Prompt v, from  decay ; U,
) in time with the proton pulse ]
- o) Delayed anti-v,, v,
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b
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‘= M. Hostert

15


https://coherent.ornl.gov/how-do-you-look-for-cevns/

Long-lived particles at Spallation sources

10 — 10%* z*, KT, and u* decays at rest

Can also search for a flux of new states.

s://coherent.ornl.gov/how-do-you-look-for-cevns/

3000

& Prompt v, from 1t decay
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M. Hostert
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Long-lived particles at Spallation sources

10 — 10%* z*, KT, and u* decays at rest

Can also search for a flux of new states.

s://coherent.ornl.gov/how-do-you-look-for-cevns/
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Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors

3) Long-lived particles below K, 11, and y masses

‘= M. Hostert
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What do we already have?

The LSND v — e scattering measurement

Scintillation sphere from positron

sl \\ gAMima s fom neution capiure
Extremely high intensity beam from ~93 - 98 N
Source "\.\
\\
v, \\
N
// ~160 ton of liquid scintillator
~2 x 105 POT (about a paperclip’s worth of protons) A
A striking measurement of v + ¢ — v + e scattering
Wlth abOUt 10% preCISlon On the CrOSS SeCtlon Positron signal Neutron signal
\ 4
| )e > f?g rrﬁ T)%Os\:l rco?1n i
T T+15ns ¥ T+186 pys Time

M. Hostert 19



What do we already have?

The LSND v — e scattering measurement

LSND: U & ¢ — 1+ e scatterin g arxiv.org/abs/hep-ex/0101039
: |
g 50 A op  Data
—  MC
V772  Background
Very useful for BSM applications. 40 |4
: : . : —a
But is has its limitations: . -
1) Very wide beam pulse (600 ps) and low E (7 and u only).
: : — -
2) Only single EM showers (how to account for misID of ete™?) 20 | Nl
3) Limited energy range: 18 MeV < E .. < 50 MeV
4) Only the most forward electrons: cos 6., > 0.9 0
No data release... how to model efficiencies? .

Electron Energy (MeV)

M. Hostert
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http://arxiv.org/abs/hep-ex/0101039

KOTO @ 425 m

The Japan Neutron Spallation Source Hadron Experimental
@ J-PARC ey

Main Ring synchrotron

30 GeV p* A

E

JSNS

(Japan Spallation
Neutron Source)

Materials and life
science
experimental facility

mm JSNS*-| @ 24 m @Q

4 L JSNS
Y,

-
.
.
5
. . ) -
- . ;
-
-
- -

Rapid Cycling synchrotron

3GeVp* @1 MW, 25 Hz N Neutrino Hall A

———— \

by J. Pairin



JSNS? (1 and Il):

Pros: Closest to the source and largest vol
Cons: larger backgrounds, single flash events

s P _ < Cons: Further away
-—Rg‘ia“f (e.g., e"e™) very challenging for E ;. < 30 MeV. Best for: 7° and yy
ut _

KOTO:
Pros: Low-density vol and low bkg

€ Best for: double/triple flash (uu, ux, or vue).

ND280:

Pros: Low-density and magnetized
e Cons: Further away

Best for: any charged final state




JSNS? (1 and Il):

Pros: Closest to the source and largest vol
Cons: larger backgrounds, single flash events

"Rﬁi‘;@ (e.g., e"e™) very challenging for £ .. < 30 MeV. @425 m
,Lt+

KOTO:
Pros: Low-density vol and low bkg
Cons: Further away

Best for: 7" and YY

€ Best for: double

Decay modes

X — ety ND280
X —p"u JSNSA2
X | o

X—>ent
X > unxt
26° ~‘-,:~

ND280:

Pros: Low-density and magnetized
Cons: Further away

Best for: any charged final state




Opportunities at Oak Ridge

SNS COHERENT detectors

]

\—Hg TARGET

/~SHIELDING MONOLITH

IS
S & CONCRETE AND GRAVEL
/ \

=

~— D,0  NalvE-185

-

= [Installation
underway

S Module 2 coming soon

M. Hostert 24



Opportunities at Oak Ridge

SNS COHERENT detectors

! D20 and H20 modules: —
W — | | SIES B
| — BROTON BEAM N neutrino flux uncertainty :
T Y . Reduction of 10% — 2-3% in 5 years
-+ /~SHIELDING MONOLITH olv+d— e+ p+ p) known to 2%).
j (3 - 4 = deuterium
& B ONCRETE AND GRAVEL
: g 5 )¢
0 ©
1 —
: *‘*ﬂ“—'-'"u-’ s -
ﬂ/a= ‘ x“ — _ g 1 04 .............. ....................................... ..................... Sumrgedspectrum .......... ..............
\\ g103 . ............. z I O
COHAT750 NalveTe NuThor - Gemini “paRs\ ~— D0 NalvE-83 D bt ——Cosmis
: D —— **‘--
0
g 1 b ..............
Installation T gl " s L NTTTI e p— g e
. 0 10 20 30 40 50 60 70 80
underway Module 2 coming soon Reconstructed Energy [MeV]

* D20 already has data and H20 1s under construction.

. Hostert
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Opportunities at Oak Ridge

SNS COHERENT detectors

]

X Ha TARGET COH-Ar-750

—_ SHIELDING MONOLITH « Scintillation calorimeter
» 750 kg of purified liquid Ar
» Measure v, Ar CEVNS

TR, T TR TR, TR, TR

) S001 i | L1 |

-
Installation _
underway Module 2 coming soon B>

= N

M. Hostert 26




Opportunities at Oak Ridge

SNS COHERENT detectors

]

N—Hg TARGET

/~SHIELDING MONOLITH

NalvETe - NuThor

= Installation
underway

2

\~—D:0 _

NalvE-185

Module 2 coming soon

For this study, | will require:
50 events/3 years of operation:

750 kg (LAr)
508 kg (H20) + 549 kg (D20)

Other detectors? For example:

Surface deployment of 4-ton detector
possible with L ~ 22 m.

Possible for PROSPECT-II?
(under investigation with B. Littlejohn)

#: M. Hostert
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https://arxiv.org/pdf/2107.03934

Opportunities at Los Alamos

LANSCE Coherent-Captain-Mills (CCM) Rate of background events for CCM120 (120 inward pointing PMTs)
HIPPG Flight Path 5 ‘ ‘ H
Flight Fath; A T OO
-+ Background Prediction
10° “**ﬂ.‘%m 4 ROI Data
'.".'m
10 e
> -
; oy - There,
{‘/ . \ i 10‘3 b‘.‘.:-o-u
= 10? i
- n:‘:q"'::
101 e
10"
I || 1 | 1 || LI ] I I || 1 I 1 | B
10° 10! 10°
€k Reco Energy (MeV)

Projected 100 times smaller bkg rate for CCM200 (200 PMTs)

CCM: 7 tons of LAr

Detects scintillation of Ar In this study, we project sensitivity for

40 events/3 years of operation

M. Hostert 28



Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors

3) Long-lived particles below K, 1, and p masses

‘= M. Hostert
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Timing profile of LLP signatures

Prompt ©(100) ns (on time from 7z7/K™ decay)

O(2) us delayed (1" time)

Modcl Production Dccay Timing signaturc| J-PARC Dectcclor
ut —etvN N > veTe” /\ ND280
T
Heavy Neutral Leptons N Swvete A X ND280
+ ! 7+ -
mr/KT > EN N swvpte /nte ‘{ \ JSNS? and ND280
N s wutp= jot ‘{ . |JSNS? and ND280
N — pr® 1 KOTO
S —ete” 1 ND280

Higgs Portal Scalar

KT —=xt8

JSNS? and ND280

S — 70x° _‘ KOTO

Muon Portal Scalar | ut — eTvvSuy Sy > Y /-\ KOTO

ALP: Higgs Coupling | KT — nFa, ag — ete” 1 . NeEl
ap — ptpu” m JSNS? and ND280

ALP: Flavor Violating |t — eTapyv () apyv > cte” /\ ND280

ALP: Weak Violating |71t — ¢ veawyv awy — ete” l ND250




Timing profile of LLP signatures

A lot of these come from ;™ and 7" decays.

~1 GeV p T beams are in the game.

Modcl

Heavy Neutral Leptons

Production

um—etvN

Dccay

Timing signaturc

J-PARC Deteclor

ND280

at /KT — IN

ND280

N svuTu~/atu~

JSNS? and ND280

JSNS? and ND280

N = vr

KOTO

Higgs Portal Scalar

ALP: Higgs Coupling

ALP: Flavor Violating

KT = xt8

ut — etapy (v)

§ s ete”

ND280

JSNS? and ND280

ND280

JSNS? and ND280

ALP: Weak Violating

7r+ — c+ Vel WV




Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors
3) Long-lived particles below K, 1, and p masses

Higgs portal scalar: the simplest case

‘= M. Hostert
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Long-lived particles at spallation sources

Higgs portal scalar

Arguably the simplest extension of the SM: 10-2

Singlet scalar particle S that mixes with the Higgs boson

—4 |
a.k.a. Higgs Portal Scalar (HPS). 10
Production (almost) exclusively through K™ decays. 106 -
O
J-PARC is most well suited for this. =
(+ accelerators like T2K and FNAL’'s SBN program) 1038 -

ND280 (S — e~ e™)
10710 4 === ND280 (S — u_u_'_)
—— JSNS* (8 — p~pu™)

K™ - #n*S§
W + 7,7+ )t
€ /IM /7t ) " 1
| t g === JSNS* (S — 7w~ n™T) ) SR
s, e , d 10~12 |

N 50 100 150 200 200 300 300
S e /uIn” ms/MeV

33




Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors
3) Long-lived particles below K, 1, and y masses

Axion-like particle: flavor-violating couplings

‘= M. Hostert
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Long-lived particles at spallation sources

A lepton-flavor-violating axion-like particle (LFV ALP)

L P+ c® P

Light goldstone boson to probe lepton flavor violation IV = Yep— 1 -+ Ceur — eY7(¢e, P + ¢.) Pr
Complementary to 4 — e searches (Mu2e, Mu3e, MEG-II). | cee =1
10°
uN = eN
Indirect limits constraint products of couplings (not a Killer). |
p— eee
Direct limit: B(u™ — e*ag) S 107 if a is long-lived. — 10 L e
>
=
That would lead to about 10'* — 10'° @, / in typical - 107
¢ /year in typica =
spallation sources... p—y B . e
e’ p— evy
€+ ag 10°°F {4 — e+ inv.
+ Ce,u o _V_
H , = ,
TN e o 107 1072 10~ 1 10
) Ay m, [GeV]

M. Bauer et al, 2110.10698 and L. Calibbi et al 2006.04795
35



https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/2006.04795

Long-lived particles at spallation sources .
A lepton-flavor-violating axion-like particle (LFV ALP)

ut time

Light goldstone boson to probe lepton flavor violation 05 Lepton-Flavor-Violating ALP (c., = 10™%c,.) .
§ —— JSNS2 I+II — LSND COHERENT
Far more sensitive than indirect probes in this region. Z — ND280 CCM
This is a high-energy final state ~ m /2, so LSND SN1987A 5
| | 4 T 1079 - U — ea - 100
“threw it away”. Easy to see with new searches. = ] and <
= | u— eylu — eee \/J ' ~
e+ /_:2 1 : Q)%
+ ~ ] -
C Z Ay \:i L.g
u T memee S 1077 - L 107 —
. “a - e_ l*
0 ;
_________ /
___________________ //
* Supernovae will also be impacted due to large u 108 — T - —— 1: 10%
content (afaik, this has not been worked out yet). 10 10
Ma,. | GeV

@ M. Hostert . Calibbi et al 2006.04795 and M. Bauer et al, 2110.10698 36
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Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors
3) Long-lived particles below K, 1, and y masses

Minimal muonphilic scalars

‘= M. Hostert
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Long-lived particles at spallation sources

Muonphilic scalar

Exotic force that couples only to muons

Scalar production in 4-body muon decays:

A popular effective model for discrepancy(?) in (g — 2)/4 100
MadGraph v3.5.0
Y, _ —
— A1 D }{M SMLMII/,LR -+ h.c. E—)W> ywSMﬁ,u. . 1072 -
4 S '
Very hard to constrain — no coupling to neutrinos. D104 -
£
Below dimuon threshold (m¢ < 2mﬂ), the scalar is long-lived: T 109 -
+~'if
1078 -
10~10 ' ] . —
1073 1072 10~!

mg/GeV
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Long-lived particles at spallation sources

Muonphilic scalar

Exotic force that couples only to muons

Setting new limits with LSND recast — no g-2 at low masses. - 107
Improvements expected in all cases. -
- 103 ﬁ
~
(Hard for JSNS? as it is only a single flash). §
- 104
U / 3 JSNS2 I4+1I — LSND COHERENT :
SM | — ND280 CCM - 105
-------- 10_6 ' ' ' ' L ' ' ' ' L |
1073 1072 1071
M y Mg,/ GeV
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Long-lived particles at spallation sources
Muonphilic scalar

Exotic force that couples only to muons

Turning on an invisible branching ratio for §,, may be
possible, but requires a very specific hierarchy of couplings.

A

Muonphilic scalar (y,,/y,, =5 x 1074)

T
{0, >5¢& QIJQO
O
lay 10110
5,
Oo]\fE'
3 10~
>
1072 -
JSNS2 I+II — LSND D20
1 —— ND28&0 CCM
107° — —
10~ 1072 10~1
Mg,/ GeV
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Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors
3) Long-lived particles below K, 11, and y masses

How about dark particle production in charged pion decay?

‘= M. Hostert
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Radiative pion decay

Pion decays — helicity flip

_|_
Ve s €+
—L  e—L
— —

Weak interactions in the SM are left-handed.
Angular momentum needs to be conserved.

The pion is a spin-0 particle, so neutrino and positron helicities have to be anti-aligned!

¢ M. Hostert 42



Radiative pion decay

Pion decays — helicity flip

_I_
I/e i €+
4—%0%%—»
— «—

Weak interactions in the SM are left-handed.
Angular momentum needs to be conserved.
The pion is a spin-0 particle, so neutrino and positron helicities have to be anti-aligned!
Helicity suppression:
2

m
' < G&f?m> x —82 — B ~ 10™* branching ratio for 77"

my

- 8 L0
F ‘]
. “ 4 - »
4 ARy \')\
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Radiative pion decay

Pion decays — helicity flip

_I_
I/e i €+
— e
— «—

Well, there’s an easy way out: make it a three-body decay! Radiative pion decays:

Ve pg 7Z'+ «— A//t I/e — 7Z'+ A’M
4+ N\
O "~V ‘+ ® n
€+ “— — €
No helicity flip. No helicity flip.
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Radiative pion decay

Pion decays — helicity flip

_I_
I/e i €+
— e
— «—

Well, there’s an easy way out: make it a three-body decay! Radiative pion decays:

Ve = 7Z'+ «— AH U, —> 7Z'+ A”
\/\/\/\/
IV N\ N\ <+
% 0 o ¢ 4
€+ «— —

Feels like cheating...

I, m? a
~ (=) () ~ a0
I m2 4r

No helicity flip. No helicity flip.

e

Can the radiative mode really be that much larger than the core leptonic process?

&¥¢ M. Hostert 43



Radiative pion decay

Pion decays — helicity flip

Internal Bremsstrahlung 1 and 2

A¥ N
(4
[8 )
\ -------- v / X m, Not helicity suppressed.

Primary vertex for pion decay:

Z D Gpf, X 0,7 (£y'v,)

Point-like pion & leptonic bremsstrahlung

& M. Hostert 46



Radiative pion decay

Pion decays — helicity flip

Internal Bremsstrahlung 1 and 2 Internal Bremsstrahlung 3
/ AF ot A* ot
4 NN\ AH N g \ : ..
Eal g N n Tt x m, Still helicity
W+ w suppressed!
v, Ve /
Primary vertex for pion decay: Not gauge invariant. Need a replacement:
2D Gpf,Xo,n <L”}/”I/Lﬂ) 0,7 (£y'vy) — (0, — ieA ) (£y'v,)
Point-like pion & leptonic bremsstrahlung Seagull diagram unavoidable in

gauge invariant theory.

& M. Hostert 47



Radiative pion decay

Pion decays — helicity flip

Internal Bremsstrahlung 1 and 2 Internal Bremsstrahlung 3
/ A* ot A* ot \
VNN AH : ..
wt g wt g Still helicit
________ 4 e X m, y'
W w suppressed!
ye Ue /
AH N AH N
/ e e \ Structure Dependent V and A
_+ wé O g 7t no longer “point-like”
.............. xX m,
p” a

These are suppressed by M > linstead

so can be safely neglected!

& M. Hostert 48



New vector bosons

Radiative pion decays

MH, M. Pospelov, PRD 108, 055011

SINDRUH RUN = 58 EVENT = 5467

NEVT 414
a 16 B = 3292 BGAUSS TINE = 177 5/8¢6
M 3 TRACKS FOUND
TR1 57 8.1 42 1.2
PT=24.5 P=-24.6

TR 2 S/ 8.4 47 9.8
PT=23.9 P= 23.9

TR 3 57 8.4 4/ 8.7
PT=35.1 P= 38.3

KASS= B83.3
PT= 28.9 P2= 12.8

kKEAM, (Q,Z+ — (0, — Qe)) U, (k”yMPL — mePR>e
Enhancement by:

1) helicity flip,

2) longitudinal mode emission.

4

My

I protophobic ™ 1—*SM X

SINDRUM-I search for bumps in 77 — e"v,eTe™ decays.

- 0002
i ,‘n
o L -';
4 JY \')\
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.055011

New vector bosons

Radiative pion decays MH, M. Pospelov, PRD 108, 055011

XM f+ 10_5
10-6 - “protophobic” (e = 1072)
M+ O
""" o 1077
O ><® _ SINDRUM (X — ete™)
1078 - PIENU (X — inv)
O .
U i
‘ TR Not conserved
_ < 1
kKM, (Q,,+ —(Q, — Qe)) U, (k”yMPL — mePR>e o —
Enhancement by: -
. : 107+ 3
1) helicity flip, : Conserveo
. . . . 10—12 , , . | . —
2) longitudinal mode emission. A 2 0 70 90 116
m;‘: mX/(MeV)
[ .~ 1 X
protophobic SM 1m21m2 BTW: This basically excludes all exotic 17 MeV vector
e'""X

Boson explanations of ATOMKI anomaly

¥ M. Hostert S0


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.055011

Long-lived particles at spallation sources

“Weak-violating” axion-like-particle (WV ALP)

Light goldstone boson that probes exotic electron couplings

gl/g —

" gee ™y, gee 7 ey PLus .

{yHysl
2y TS 2y

JPQ — MM

Lifting helicity suppression in 3-body z™ decay is not easy,
but can be done in a class of “weak-violating” ALP models.

This is an exception: underlying current is not gauged, so it is ok!
W. Altmannshoffer et al, arXiv:2209.00665

In this case, three-body decays of the pion are the
dominant source of these ALPs at accelerators.

gc'lc'l

zT time

' \ 0\ —2
l’)’(\PI y (T ua) N 1 m‘}% - mp:
B(P+ — ¢'tup) 153672 myms, ma
. 16mm?
, T 2 ¢ ¢ ¢ 2 \
X | (gee — Gee + gu,)" folzp) + ——guf1(zp) |
i ma _
10_3 T l T T T LB L | | ' i
: g |
(g~ 2 BABAR | 1 Ae
10 4 [Gre\r]
- Riordan B, Fd 310
el al -
107 ; 3
\/ " 3100
1076 14 ..—'9"(‘7‘} va E

-
.-
,,,,,,
...............................................................................

107

1078

E137

SN — 1987A
11 l

Weak-Violating -

AXion
1 1

10
m, [MeV]

L aaal
100

10°

1%



https://arxiv.org/pdf/2209.00665.pdf

Long-lived particles at spallation sources /\

“Weak-violating” axion-like-particle (WV ALP)

Light goldstone boson that probes exotic electron couplings Weak-violating ALP

JSNS2 I+1I — LSND COHERENT 5_10_1
—— ND280 CCM

Lifting helicity suppression in 3-body 7' decay is not easy, 1077
but can be done in a class of ALP models with ]
“weak-violating” (SU(2), -violating) couplings.

KT = eTv.a

. — 10_3 E E_ 100
W. Altmannshoffer et al, arXiv:2209.00665 | s >
> @Q\}?] i O
. . G o, =
In this case, three-body decays of the pion are the ~ Uy : o
dominant source of these ALPs at accelerators. £107% - - 101 %
= &
et <$ =

| | |
+ X
gee aWV e 10_5 _\ _J 5 102
_ 1 SN1987A
€

106 e S B
Ve 103 102 101
Complementary coverage by ND280, CCM, and COHERENT. ma /GeV

LSND more on par since a,,, is more energetic.

1,;—?:‘ M. Hostert

See also CCM collaboration, arXiv:2309.02599 52
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Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors
3) Long-lived particles below K, 11, and y masses

Heavy neutral leptons (low-scale seesaw)

(& M. Hostert
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Long-lived particles at spallation sources

Heavy neutral leptons

#t/K" and ™ time

Low-scale neutrino mass model ) Muon-flavor dominance Preliminary
10_ E | | | | ‘l\\ | | | ] | | E
- ™ :
Improvement over LSND because of the stringent signal i N l N 1
. L . 1077 cosmolo “ E
selection criterion to fake v — e scattering. : \\ & -
sl N LSND b
Most final states are relevant for K™ parentage so \‘\\\
N o N _

they have limited sensitivity. = 10Tk N

S

KOTO (N — vr?)
Competition with LSND and meson peak searches. 10-8 L= JSNS* (N — ntpu™)
=== JSNS* (N — vutpu™)
= ND280 (N — vete™)

L IIIIIII

-9 L —
U ‘2G L 10 ; CCM (N — vete™) ?
N pal ~F [ COHERENT (N — vete™) ™S
1 —10 I ] | | | R I I I |
! 10~2 10~1
SM mN/GeV

LSND limit derived in Y. Ema, Z. Liu, K. Lyu, M. Pospelov, arXiv:2306.07315

i A
"'7\ \ f'\. ¥

M. Hostert See E. Fernandez-Martinez, M.Gonzalez-Lopez, J. Hernandez-Garcia, MH, J. Lopes-Pavon, 10.1007/JHEP09(2023)001 54
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https://doi.org/10.1007/JHEP09%282023%29001

Long-lived particles at spallation sources

Heavy neutral leptons
y P 7#7/K* and u* time

Most final states are relevant for K™ parentage so

Low-scale neutrino mass model o Electron-flavor dominance Preliminary
' | | | | \ T T ] N =

N i =

\ I .

Improvement over LSND because of the stringent signal L0-5 I\ : i
. o . ™ | E
selection criterion to fake v — e scattering. . cosmology | ;
SN I -

I !

i =

\ -

they have limited sensitivity.

’ eNl2
—
O

4

KOTO (N — vr?)

Competition with LSND and meson peak searches. 10-8 L —— JSNS* (N = 7te™) _
=== JSNS* (N — vutp™) §
o[ — ND280 (N — vete) ]
10 CCM (N — vete™) E
UulGy 7 -
N ed|l UF COHERENT (N — vete™) N

—].0 | 1 ] 1 ] ] ] ] ] I ] 1 1 ]

10 1072 1071
SM mN/GeV

LSND limit derived in Y. Ema, Z. Liu, K. Lyu, M. Pospelov, arXiv:2306.07315

5 00
y ¥
£ R S
LARVASY

M. Hostert See E. Fernandez-Martinez, M.Gonzalez-L6pez, J. Hernandez-Garcia, MH, J. Lopes-Pavén, 10.1007/JHEP09(2023)001 55
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Long-lived particles at spallation sources

Heavy neutral leptons — avoiding cosmological limits?

#t/K" and ™ time

Cosmological limits typically make the sub-100 MeV region less interesting in minimal HNL models.
If new forces exist (e.g., magnetic moments or dark photons), decay-in-flight limits on LLPs quickly become the most important.

Spallation sources are useful for “non-minimal” HNL models. For example:

|L75_?\7| - |U:-—N = |UCN| — II‘TTNl =0 G;( /GF — 103

12K (this work) NS B T2K (this work)
T2K full (this work) == _3 | === T2K full (this work)
PS191 (this work) B8 1071 B 1’5191 (this work)
.-.B~/Iic1'uBooNE (Kelly-Machado) i MicroBooNE (Kelly-Machado)

o 1 1n—=5 4 e
0, O BBN £Z2 10 \Z7Z BBN (Sabti et al)
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—
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|
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C. Arglelles, N. Foppiani, MH arXiv:2109.03831 50
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Outline:

1) Spallation (neutron) sources: what and why?
2) Opportunities with neutrino detectors
3) Long-lived particles below K, 11, and y masses

Bonus) Thoughts on future and next-generation facilities

(& M. Hostert
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Future facilities

European Spallation Source Second Target Station at SNS
a “long” jump in intensity (rotating target) More neutrinos (rotating target)

10=x10'3

Brightness (n/cm?/s/sr/A)

] Reactor

_ steady source
18IS TS1 SIS TSZ /

JI' 128w Sl @

0 4 time (ms)

https.//d0|.org/1 0. 1 01 6/J.n|ma.2020. 163402

First target would receive 2.0 MW at 45 Hz
Second target would receive 0.7 MW at 15 Hz
Neutrino rate is actually the same

5 MW (1-2 GeV p™) — huge intensity, but worse background rejection.

M. Hostert 58
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Summary Thank you for listening!

Matheus Hostert (mhostert@g.harvard.edu

1) Spallation targets are a very messy environment... but move a bit further out and build sufficiently large-
volume detectors, and extremely rare processes from LLPs could appear.

2) Shown a non-exhaustive list of long-lived particle (LLP) models that can be constrained with existing
spallation sources and detectors. Usually less minimal to survive other limits below 11 and y masses.

3) A clear application for a well-shielded, low-density, large-volume, and fast detector close to the source.

Magnificent CEVNS 2024

i i w 7 ‘
‘u y ~7
N el

WA T

Not all about POTs and volume: background rejection, timing, and people-power.
Lots of stones are left unturned.

Build bigger and away from the neutrino alley? Lower density CCM?

The future is bright and | look forward to the new searches!

¥ M. Hostert 59
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CEVNS — Coherent Elastic Neutrino Nucleus Scattering

0.200
Three examples for requiring yy <> e~ mis-identification: T Linv <5 MeVoor A <57
01754 === FEyw <10 MeV or Af < 10°
""" Fiw <15 MeV or Af < 15°
1) E, <5MeVord,, <5° 0.150 7
2) E, <10MeVord,, <10 . 0.125 -
mny )
-
3) E, <15MeVord,, < 15°(strongest limit) 2 0.100 -
mny &5
= 0.075 -
All events must also satisfy signal selection criterion:
0.050 A
18 MeV < E ;. < 50 MeV and cos 0, > 0.9
0.025 -
0.000
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CEVNS — Coherent Elastic Neutrino Nucleus Scattering

Scalar Spectra

1) E, <5MeVorf,, <5°

175 -
1% — mg = 1.0 MeV
B o - . ms — 1.6 MeV
Three examples for requiring yy <> ¢ mis-identification: —— mg = 2.6 MeV
— mg = 4.1 MeV
— Ns = 6.6 MeV

mg = 10.5 MeV
ms = 16.8 MeV
ms = 26.8 MeV
ms = 42.9 MeV
mg = 68.7 MeV

2) E, <10MeVord,, <10

iny

3) E, <15MeVord,, < 15°(strongest limit)

Iny

All events must also satisfy signal selection criterion:
18 MeV < E ;. < 50 MeV and cos 0, > 0.9

E___ -
0 10 20 30 40 o0
Ps (MGV)
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Heavy Neutral Leptons

dra
ATLAS
(2024)

L3
(2001)

20 g B-decay

DELPHI

(SHORT)

(2024-1T)

CHARM | Ue4 ‘2 GF

N

e
7
ot

T T T TTIm T T T Ty

LSND g\
(EMA ET AL) r“m,

TRIUMF BEBC

(BAROUKI ET AL)

SM

IIIIII|I ] IIIIII|I ] IIIIIIII ] IIIIII|I ] IIIIII|I ] IIIIIIII ] IIIIIIII ]

| ||||||I| | ||||||I| T TTT1

Cosmology

10—10 | | L1

O github.com/mhostert/Heavy-Neutrino-Limits -
| ] ] ] ]

10! 102 103

e
7
o

MN (GGV)

-

Pl M. Hostert E. Fernandez-Martinez, M.Gonzalez-Lopez, J. Hernandez-Garcia, MH, J. Lopes-Pavoén, 10.1007/JHEP09(2023)001 63
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Axion-like particles with kaon decay at rest

1073 —

- ~ 1 l "‘!'l : 'l :
- “~ ] ll ‘ ll N
r ~ '.\ I 1] .
L . : : N
L ~ J 1Y
. ‘ \ |
— ——“-=._.__== ‘ ‘| — / ‘ -
T — \ | | ¢
_.:;-"%;__ r.:(‘l ) M \\l / / ‘I
10-1 | NI \ /.
. = -::'—"'=:_._=a'-‘ s \ i | I -
| — = "'“31___ I -4
p— L ™ 1 4 J -
. ; Y . 3
/:L r \\ 'll :
' . ) \ ‘v.i'l l llf l
.\‘/ T l'crrestrial constraints X I,"l '| | 1
- S _ C— — ’ior’ \ { /1 T ﬁ ‘
=) ol — AN |
S : = o- u"'i',ﬁ Y o .‘ - A ' o
~— L ﬂ"‘.,.\ - < 'l| l )
. "“ - = | \ ‘.
I‘!.. ’ 7~ \ \
Cra . : b y, B
Ny S I P \ ' |
L OQC . s & e B | 1w
V i 4 | f
. 9 ' f v \I4
‘H '!' vl I
1 VIN T |/ |
- ' DUNTD vl
—V = ol
10 BBN + Ny \ a
l l | \ ' N :
! 7
1 1 | 1 PR T R | all 1 1 | ‘ m AR TE |
"V — ‘) Y- "1 I
10° 10 10"
. A 7]
m, |GeV

FIG. 2.

(Codominance) The same higure as Fig. 1 but with

Cww = Cgp = Cgg- 1he sensitivity for m, << m,_ 18 worse than

the gluon dominance case since |c
of the parameters.
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Yy

| < 1 for this specific choice
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FIG. 1. (Gluon dominance) Sensitivities of MicroBooNE and
JSNS? compared with existing limits and other projected sensi-
tivities when all couplings are induced by a gluon coupling ¢ at
a high scale. The MicroBooNE sensitivity 1s cut at 210 MeV
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Y. Ema, Z. Liu, R. Plastid, PRD 109, L031702 (2024)
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European Spallation Source: Hidden Neutrinos

SMINESS P —

107° F —~

i,: 7.3e+11 / spill

104 L1 v.: 5.4e+14 / spill
vy,: 3.5e+14 [/ spill e |
1 u,: 3.6e+14 / spill . F\ Pl :
: e . O\ | 1
1013 ; & | | | r..':.’l ‘i ‘_\._
— 3 N |
o 1051 1 BN PIENU [
S 1012 ' : N\ (LOW p ENERGY) [ 3
8 7 : N - ///-f_ff,'“‘\.f‘. (. :

™~ -

—6 L ) L ~— | _
@ 10M 10 jg PIENU - :
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10° 10! 103

| q é | | | | | g
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| (b) Muon mixing.
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Inelastic Dark Matter

Target tec . '
g Detector Dark Photon Model, A=0.1my, my=3m; . ap=0.1
_______________________________ _ : :
Beam 107+ |
!
g X1 Xi, X . X BaBar mono y |
A - ! [
Dark Photon --(,-—@if:j 'vvvv< A’ § ‘_,i e’ 10—8 i — |
m,n . . - |
Al X2 e e ¢ . I
= — Y
,\{, .-\l > > \,‘ Ya X1 N‘ 10 9 i : :
: Ahﬁ = = |
Dipole Model =---- ,_ ~* ~ = |
T, n \ X1 . . N — 10 = :
/ X2 e e ‘ :: l O - ~ : N\
— ?I \\
~ < ! \
Q- £137 <
) _I l | ” A
~ 10 - scatter =
-~ 7 7
W | — A
, — v, CCQE -= U, — € elastic ) - >
10? —12 -
5 v, — e elastic — v, CCQE Ll ] 0 12 ,/,/’/ :
v, CCQE -- 1, — e elastic ' ,/’/I/ :
= 10" 4 v, — e elastic —  Cosmic ~ ’,/'“"\‘D - '
c . r astic JOSIMIC 7y 13 LY gy L LLSND I
= 7. CCQE 10715+ seatls S ' decay JONST
S il S 1@“' | eCs }
o 1004 \-\Q\ |
% HL|® — < '
S 107190 % :
Iy i |
+ 1074 ' |
O . ‘ '
> 2 b
= - | 10 10? 10°
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0 100 200 300 400 500 600 700

Visible Energy (MeV) J.R. Jordan, Y. Kahn, G. Krnjaic, M. Moschella, and J. Spitz. arXiv:1806.05185
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MicroBooNE and KDAR from NuMI absorber

Fermilab’s fortunate coincidence:

SBN program detectors are close to a KDAR source:

Batell, Berger, Ismail PRD.100.115039

y - 1072 ‘
\ Aerial View _
600 RES CHARM | | MicroBooNE PRL.127.151803
* | | 1072 — .
MicroBooNE @ N ,_ [\ e ; reinterpretation
400 107°5\ | | A central value
\ N \
l\ \\\ \
X SNB.
i = \58/\/0 '\“
2010 - \\\ \\ %O
\ 3 QE/) 1 O_Ll /\/UM/ ‘/\% \ /.Oeoo
-y - Us™ | ©10°L e
() ‘ \ . ' } : * — |
I e KOTO i T
' 1075 S - E94g D*
- NuMI '1m~gm. SN 1987a NN | I LSN .
400 —200 0 200 100 ' S 8 X 62
r [m] NN 104 A.
106 ' This analysis O 20 40 60 80 100 120 140 2160 180 200
About 0.13 KDAR per NuMI POT. 1072 107" 10° Scalar mass mg (MeV/c?)
Mmg, GeV
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.151803
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.115039

https://arxiv.org/pdf/2204.04575

TABLE I. Parameters of subsystems for CEvVNS detection.

Nuclear Detector Target Distance Energy thresh- Deployment
target Technology Mass (kg) from source old (keV') dates
CsI[Na]  Scintillating crystal 14 20 m 5 2015-2019
Ar Single-phase LArx 24 29 m 20 2016-2021
Ge HPGe PPC* 18 22 m <5 2022
NaI[Tl]  Scintillating Crystal 3500 22 m 13 2022
Ar Single-phase LArx 750 29 m 20 2025
Ge HPGe PPC! 50 22 m <5 2025
Csl  CsI+SiPM arrays at 40 K 10~15 20 m 1.4 2025

Finished Planned , *liquid argon, *p-type point-contact, 'nuclear recoil energy, approximate threshold

TABLE II. Additional detectors that broaden the physics reach of COHERENT.

Name Detector Technology Main purpose Deployment dates
Measure v.+ I CC cross section 2016 -
NalvE 185 kg Nal[Tl] crystals & beam-related backgrounds present
MARS scintillation panels inter- Measure beam-related 2017 -
leafed with Gd-painted foils neutrons in Neutrino Alley present
NIN liquid scintillator cells Measure neutrino-induced 2015 -
cubes in lead and iron shields neutrons (NIN) in lead & iron present
D,O heavy water Measure neutrino flux precisely 2029
Cherenkov detector & ve+0 inelastic cross section
LAr liquid argon time- Measure v.+Ar inelastic 92025
TPC projection chamber cross section

Current Planned



Exothermic sources have their drawback...

Impact of the reactor sutdown in Japan on
the KamLAND neutrino experiment

Tohoku Tsunami

Fukushima disaster
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