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LLPs: Portals to BSM Physics

Long-Lived Particles (LLPs) could be the portal to hidden sectors addressing different Standard Model open problems
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Long-Lived Particles (LLPs) could be the portal to hidden sectors addressing different Standard Model open problems

Studied in the context of present and near-future beam-dump facilities: T2K, uBooNE, ICARUS, DUNE ND, SHiP...
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Phenomenology of Heavy Neutral Leptons

Origin of neutrino masses and HNL mixes with active neutrinos

o HNL CC and NC interactions:
mixings
v, = Z U,v,+ U,

al— 1

P D — —LNU* it W
N,int N aN}/ La' u

m,
Minimal model: 2 HNLs needed. NU* y*v,Z

V2v ”

Phenomenology given by

4 free parameters:

HNL mass, M), U,y < 1 = weaker than weak
* mixing with three v, U interaction

Experimental results shown single flavor dominance = HNL coupled to one flavor at a time:

Heavy Neutral Leptons (HNLSs)
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Heavy Neutral Leptons: present bounds
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Present bounds on the HNL mixing from v oscillations, kinks in beta-decay, peaks in meson decays, beam-dumps,
colliders, and non-unitarity of the PMNS.

https://github.com/mhostert /Heavy-Neutrino-Limits
E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J. Lopez-Pavon. JHEP 09 2023 001
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Heavy Neutral Leptons: present bounds
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Present bounds in the HNL mass window up to ~ 2 GeV led by peak searches and beam-dump experiments

https://github.com/mhostert /Heavy-Neutrino-Limits
E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J. Lopez-Pavon. JHEP 09 2023 001
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Heavy Neutral Leptons: present bounds

PNMNS Unitarity
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Bounds from on-going and near future experiments.

https://github.com/mhostert /Heavy-Neutrino-Limits
E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J. Lopez-Pavon. JHEP 09 2023 001
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ProtoDUNE setup at SPS

Extracting 400 GeV protons from SPS
CMS

Neutrino
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2010 (27 km)

AWAKE
TI2 A
HiRadMat
B TT66 B
. — MEDlClS
AD ELENA
ISOLDE
_ BOOSTER [ 1992 |
GB= > - _ lREX HIE- 5
10 ~ ISOLDE :
P Ry o 2001/2015 E
n TOF m,/ " ;
n :
4 J
i LINAC 4
> CLEAR
LINAC 3 - LEIR ’J I
D YN 005 (75 m) | :

J. Hernandez-Garcia XVII CPAN DAYS 04/20



ProtoDUNLE setup at SPS

Extracting 400 GeV protons from SPS et

H2, H4. H/6<n’8

a1 12,T4,T6 targets\:

° 4

' North Area
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ProtoDUNLE setup at SPS

400 Gey M T2 target N
.
E—

magnets magnets
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ProtoDUNE setup at SPS

Two ProtoDUNE detectors at Neutrino Platform
+ NPO4 LAr horizontal drift (HD) TPC 400 Goy TN T2 target [

.
* NPO2 LAr vertical drift (VD) TPC
L

See talk by A. Roche magnets magnets
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https://indico.ific.uv.es/event/8035/contributions/29121/attachments/14443/21036/CPAN_2025_ProtoDUNEs.pdf

BSM at ProtoDUNE: the original idea

Can we use the existing ProtoDUNE detectors as a beam-dump to search for LLPs?

Pheno study showing promising results: P. Coloma, J. LoOpez-Pavon, L. Molina-Bueno and S. Urrea, JHEP 01 (2024)

Several approximations:

* beam simulation: Pythia8 T2 + TAX, but no all the light mesons included

* sensitivity results at level of number of events

- No bkg considered. v flux expected to be negligible due to magnets after T2

- No trigger and reconstruction efficiencies

J. Hernandez-Garcia XVII CPAN DAYS 05/20



BSM at ProtoDUNE: feasibility study

Working group formed 2023 December to study the feasibility of the proposal and demonstrate the proof-of-
principle at NPO2 and NP0O4

Challenges:
* Detector at the surface: can we reject cosmics?

* Full bkg estimation: Are there other beam-related sources?

* Can we trigger on the events coming from the T2 target?

* Which topologies are we able to reconstruct and with which efficiency?

J. Hernandez-Garcia XVII CPAN DAYS 05/20



Timescale considered

* Run parasitically at SPS (not interfering with other experiments at H4/H2)

* Proton run at SPS can be up to 6 months depending on the year

* We consider 5 years to collect 1.75 - 10! PoT

Last update: November 24

J. Hernandez-Garcia
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Simulating LLP decays at ProtoDUNE

LLPs could be produced via meson decay at the beam-dump experiment beam

fdet 0 Al’ﬂdet
b 4
p — target -
M- Y
Sdei detector
meson LLP LLP
production production propagation

Three sets of simulations are needed:

* Meson production at T2: we consider the mesons with relevant branching fraction to LLPs

* LLP production
* LLP decay
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Meson production

* Meson production at the target station: we consider the mesons with relevant branching fraction to neutrinos
- 15 K5 K & K

Full GEANT4 based simulation including the main T2 target area elements

» Meson fluxes produced with exact magnetic field settings for 3 configurations: w000, w133 and wNP04
» Results validated against Pythia8 considering only the initial proton interaction

J. Hernandez-Garcia XVII CPAN DAYS 08/20



Meson production

* Meson production at the target station: we consider the mesons with relevant branching fraction to neutrinos
- 5, K5, K) & K
Full GEANT4 based simulation including the main T2 target area elements
- D, D & t*

Heavy mesons simulated with Pythia8 considering only the initial proton interaction
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Heavy Neutral Leptons: production and decay

* HNL production * HNL decay
Leptonic and semileptonic meson decays 2-body and 3-body HNL decays
le—v— — T — T — T = 1, e
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P. Coloma, E. Fernandez-Martinez, M. Gonzalez-Lopez, J. Hernandez-Garcia, Z. Pavlovic, Eur.Phys.J.C 81 (2021) 1, 78
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Heavy Neutral Leptons: production and decay

* HNL production * HNL decay
Leptonic and semileptonic meson decays 2-body and 3-body HNL decays
1 Co L | |
n—w K - K— D—= Dy— 71— E
1071
) elN — elN elN elN — 5
| Uen| 10720
—  w’eN 7weN K%N — - as :
- 107%
, || #V — pN pN pN — : f
U,N| 1074 | J— ey ve? S
—  7°%wN  auN K°uN & — — | oy | I —.
T, T ST R— O 500 0 100 2000
- B N NN 0 500 1000 1500 2000 0 500
My (MeV) My (MeV)
— — — — — nr’ N
Urn |
. — — ewN
— — — — — uv N

Effective operators describing interactions between light mesons and HNL included in a FeynRules model file

Interfacing the model file with an event generator allows for the simulation of fully differential event distributions.

J. Hernandez-Garcia XVII CPAN DAYS 09/20



Heavy Neutral Leptons: signal sensitivity

Following the Feldman and Cousins prescription for a Poisson distribution with no background:

|UTN|2
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Heavy Neutral Leptons: signal sensitivity

Combining the HNL decay channels:

107°
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* 5years of data taking = 1.75 - 10'” PoT from SPS = ~ by end of 2033
* 90 % CL assuming no background and 100 % signal efficiency
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Axion Like Particles: signal sensitivity

ALPs could be coupled to the SM via different sets of effective operators. Gluon dominance scenario:
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See talk by J. Lopez-Pavon
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Inelastic Dark Matter: signal sensitivity

Extend the SM with a dark U(1) and two Majorana fermions. After diagonalizing the kinetic mixing term:

X7 v+ h.c. purely off-diagonal

* iDM production via pseudoscalar & vector meson decay

* iDM detection

- Scattering inside detector

X1,2 X2 1

AI

> >

Large background expected

J. Hernandez-Garcia
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Ag; = 0.4 my,, my,/ma = 0.33, ap = 0.1

LEP

. PRELIMINARY
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102

See talk by S. Bianco
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Inelastic Dark Matter: signal sensitivity

Extend the SM with a dark U(1) and two Majorana fermions. After diagonalizing the kinetic mixing term:

Ag; = 0.4 my,, my,/ma = 0.33, ap = 0.1

— e€ H ) LEP

X7 v+ h.c. purely off-diagonal

* iDM production via pseudoscalar & vector meson decay

* iDM detection

- Decay inside detector

ProtoDUNE Decay
. PRELIMINARY
0T T
m a [GeV]

Less background expected
See talk by S. Bianco
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Inelastic Dark Matter: signal sensitivity

Extend the SM with a dark U(1) and two Majorana fermions. After diagonalizing the kinetic mixing term:

Ag; = 0.4 my,, my,/my = 0.33, ap = 0.1

— ec FH ) LED

X7 v+ h.c. purely off-diagonal

* iDM production via pseudoscalar & vector meson decay

* iDM detection

- Scattering + decay inside detector (double bang)

. PRELIMINARY ~ = Brecoit, min = 10 GeV
102 10! 10"
T Al [GGV]

Background free?
See talk by S. Bianco
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Impact of the background

The impact of the background on the sensitivity has to be considered

* Background from cosmics:

Preliminary results show that by filtering events that are not horizontal, we reject most cosmics at the trigger level
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Impact of the background

The impact of the background on the sensitivity has to be considered

* Background from cosmics:

Preliminary results show that by filtering events that are not horizontal, we reject most cosmics at the trigger level

* Beam related: v flux

v interactions with Ar of the TPC produce particles in the final state that mimic the decay products of the HNL signal
= dominant background. For instance:

: : 40
N —> s CC interaction vﬂ—Ar —

N — JZ'OI/M vs NC interaction vﬂ-Ar4O — nOvM
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Light neutrino bkg: energy distribution

Expected energy distribution of the light neutrinos crossing NPO4
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Light neutrino bkg: interactions

These fluxes can be passed to GENIE to simulate the v-*YAr interactions in NPO4.

v.—2%Ar CC interactions/week per 1 GeV

—— GEANT4, v3
—— GEANT4, v3
—— GEANT4, v3
— neutrino

------ antineutrino

- w000
-wl33
- WNPO4

E, (GeV)

180

160 +

140 ~
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100 +
80 A

60 || .

v,—%PAr CC interactions/week per 1 GeV

a0

20

—— GEANT4, v3
—— GEANT4, v3
— GEANT4, v3
— neutrino

------ antineutrino

- w000
- w133
- WNPO4

J. Hernandez-Garcia

Weekly interactions
w000 | w133 | wNPO4
v.-*0Ar — CC 120 65 162
v.-49Ar — NC 38 21 51
v-*0Ar — CC 52 28 71
expected weekly S A0AT — NC 00 1 o7
Total 230 | 125 311

Weekly interactions
w000 | wil33 | wNPO04
# of v interactions v0Ar — CC | 2083 | 464 | 2597
v,-*YAr — NC 955 150 823
v,-Ar — CC | 1248 305 1574
v,-*"Ar — NC 495 121 615
Total 5681 | 1040 5609

XVII CPAN DAYS

Bad news for BSM

searches, but...
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Bad news for BSM

searches, but...

could we detect them?
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Proof-of-Principle

Their observation can be the proof-of-principle and the opportunity to study neutrinos at DUNE prototypes.

3 small (1 week) runs collected at different beam configurations including also no beam at SPS. Only one

configuration and the one without beam currently under analysis:

- Interesting sample of events to train DUNE simulations.

0

- Several neutrino-like candidate events at NPO4 under investigation 250
Event scanning: 500

750

- Select event only when spill ON

1000

- Events filtered to reject cosmic and any 1250
event which are not horizontal 1500

1750

- Fiducial cut : remove any interaction from
the surroundings.

2000

J. Hernandez-Garcia XVII CPAN DAYS
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See talk by D. Pullia
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* The excellent imaging capabilities and large fiducial volume of the ProtoDUNE detectors make them ideal for
searching for LLP particles in BSM scenarios without interfering with CERN’s current program.

* Currently, we are focused on carrying out the feasibility study to demonstrate the proof-of-principle and
search for HNLs as benchmark process:

- A test was carried out at NPO4 to understand the expected rate and validate the simulations: Preliminary
neutrino-like events observed but further studies and a full analysis chain are ongoing to understand them
and their source. Their observation can be the proof-of-principle and the opportunity to study neutrinos at
DUNE prototypes.

- We are currently developing all analysis tools for signal and background selection and to validate our
Monte Carlo simulations with the collected data.

* Many other LLP scenarios can be exploited: already explored and calculated the sensitivity to ALPs, inelastic
dark matter, dark scalar,...

J. Hernandez-Garcia XVII CPAN DAYS 20/20
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ProtoDUNE-BSM group

ProtoDUNE-BSM group: H. Amar, C. Andreopoulos, A. Chatterjee, S. Bianco, E. Campenhout, P. Coloma, A. De Roeck,
G. Gurung, C. Hasnip, J. Hernandez-Garcia, W. Ketchum, F. Lanni, J. Lopez-Pavén, J. Martin-Albo, L. Molina-Bueno,

O. Palamara, J. K. Plows, F. Pietropaolo, D. Pullia, F. Resnati, P. Sajitha, H. Sieber, C. Touramanis, S. Urrea
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LLPs signals at neutrino experiments

Neutrinos are feebly-interacting particles
* intense sources needed

* large detectors needed
Interactions — scale with detector mass
LLPs decays — scale with detector volume

Generally lower backgrounds if

* Detector has low density/mass

* decays can be fully reconstructed =

instrumented detector (ECAL, magnetic field, ...)

J. Hernandez-Garcia XVII CPAN DAYS



ProtoDUNEs

ProtoDUNE Horizontal Drift (PD-HD)

(>> Characteristics \

2 active volumes, with 3.6 m drift each, separated with a cathode

\
\¥ 2
v “v,u ‘

!

I TR |

/J

» 2 anode plane assemblies (APAs), facing the cathode plane
assembly (CPA) on each side
» Photon Detection System (PDS) modules, integrated in the APAs:
<40 rectangular (2m length) X-Arapucas modules in total, with
4 channels each

\ <+ 48 SiPMs (Hamamatsu or FBK) per channel J

TR

e L g I e .
IIIEBTIITIETIA 1

CIEIEIIEIIRie

' IBHEIE

oy L XTI T

f

INSTITUT DE =l B pe—!
6 Andrea Roche Fernandez | ProtoDUNEs " F .’ C FiSICA ’Tr‘: p(\ L

CORPUSCULAR v "

See talk by A. Roche
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ProtoDUNEs

ProtoDUNE Vertical Drift (PD-VD)

Top CRPs

CRP

S
£
o)
o)
)
™

ARAPUCA

—(Cathode

&

a

‘fy‘AA“““”A CRP
X

,,,,,,,,,,,,,,,,

Characteristics \

» 2 active volumes, with 3.4 m drift each, separated by a cathode
» 2 Horizontal Charge Readout Planes (CRPs) facing the cathode on each side

» Photon Detection System (PDS):
<16 square (60x60cm?) X-Arapucas modules in total, with 2 channels

each: 8 on the cathode and 8 on the cryostat wall

\ < 80 SiPMs (Hamamatsu or FBK) per channel J
' F' F INSTITUT DE
~ Andrea Roche Fernandez | ProtoDUNEs 16 I o ccuar
See talk by A. Roche 3
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LLP at beam-dump experiments

LLPs could be produced via meson decay at the beam-dump experiment beam

fdet 0 Al’ﬂdet
b4
M ‘ >
P —> target >
M->Y
Sdet detector
meson LLP LLP LLP
production production propagation decay
7, K,D,D,,...

J. Hernandez-Garcia XVII CPAN DAYS



LLP at beam-dump experiments

LLPs could be produced via meson decay at the beam-dump experiment beam

fdet 0 Afa’et
M / ;P—
P — target >
M- Y
Sdet detector
meson LLP LLP LLP
production production propagation decay

7, K,D,D,,...

The number of decay events

an—)‘P

dSdEs

Nev — NMBR(M —> \P)BR(T —> ViS)edetJdSJdETP(CT\P/m\P, E\P, Q\P)
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LLP at beam-dump experiments

LLPs could be produced via meson decay at the beam-dump experiment beam

fdet 0 Afdet
b 4
M / o
P — target >
M- Y
Sdet detector

meson LLP LLP LLP
production production propagation decay

7, K,D,D,,...

The number of decay events

....... . an_)lP

LR, e . deE\P

experiment-dependent
quantities
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LLP at beam-dump experiments

LLPs could be produced via meson decay at the beam-dump experiment beam

fdet 0 Afdet
M / ;P—
P — target >
M- Y
Sdet detector
meson LLP LLP LLP
production production propagation decay

7, K,D,D,,...

The number of decay events

an—)‘P

dSdEs

Nev — NMBR(M —> \P)BR(T —> Vis)edetdeJdETP(CTT/mT’ E\P, Q\P)

LLP
production
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LLP at beam-dump experiments

LLPs could be produced via meson decay at the beam-dump experiment beam

P — target

meson
production

7, K,D,D,,...

The number of decay events

J. Hernandez-Garcia

fdet 0 Afa’et
M / ;P—
M- Y
Sdei detector
LLP LLP
production propagation

LLP
productio

LLP
n decay

XVII CPAN DAYS
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LLP at beam-dump experiments

LLPs could be produced via meson decay at the beam-dump experiment beam

fdet 0 Afdet
M / ;P—
P — target >
M- Y
Sdet detector
meson LLP LLP LLP
production production propagation decay

7, K,D,D,,...

The number of decay events

....................... dn M—Y

.................... dSdEy

LLP [P model—de;‘)e.:ndent
production decay quantities
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Heavy Neutral Leptons: signal simulation

The simulations were performed with HNLux, a tool to simulate HNL fluxes

Meson fluxes

MadGraph events ‘
HNL production
MadGraph events
HNL decay

HNL fluxes and distributions

of its decay products without

approximations in HNL mass
—

]

Detector geometry ‘
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Heavy Neutral Leptons: signal simulation

The simulations were performed with HNLux, a tool to simulate HNL fluxes

MadGraph events ‘
HNL production
MadGraph events
HNL deca

Detector geometry ‘

HNL fluxes and distributions

of its decay products without

approximations in HNL mass
—

]

Versatility of HNLux. This tool can be adapted to:

* Other LLP benchmarks by changing the FeynRules model file within the MathGraph simulations, and the
meson flux prediction.
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Heavy Neutral Leptons: signal simulation

The simulations were performed with HNLux, a tool to simulate HNL fluxes

Meson fluxes

MadGraph events ‘
HNL production
MadGraph events
HNL decay

HNL fluxes and distributions

of its decay products without

approximations in HNL mass
—

]

Versatility of HNLux. This tool can be adapted to:

Detector geometry ‘

* Other LLP benchmarks by changing the FeynRules model file within the MathGraph simulations, and the
meson flux prediction.

* NPO4 or NPO2 by changing the detector geometry

J. Hernandez-Garcia XVII CPAN DAYS



Light neutrino bkg: flux simulation

The same tool can be used to simulate the light neutrino fluxes

Meson fluxes }j
MadGraph events ‘

v production |
v fluxes crossing ND

Detector geometry
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Heavy Neutral Leptons: present bounds

101
10~2
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4 Super-Allowed B ded
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(SHORT)
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CHARM ATLAS
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(BAROUKI ET AL)
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Present bounds in the HNL mixing from v oscillations, kinks in beta-decay, peaks in meson decays, beam-dumps,
colliders, and non-unitarity of the PMNS.

https://github.com/mhostert /Heavy-Neutrino-Limits
E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J. Lopez-Pavon. JHEP 09 2023 001
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Heavy Neutral Leptons: present bounds
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Present bounds in the HNL mixing from v oscillations, kinks in beta-decay, peaks in meson decays, beam-dumps,
colliders, and non-unitarity of the PMNS.

https://github.com/mhostert /Heavy-Neutrino-Limits
E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J. Lopez-Pavon. JHEP 09 2023 001
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Heavy Neutral Leptons: present bounds

Atmospheric v N
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Present bounds in the HNL mixing from v oscillations, kinks in beta-decay, peaks in meson decays, beam-dumps,
colliders, and non-unitarity of the PMNS.

https://github.com/mhostert /Heavy-Neutrino-Limits
E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J. Lopez-Pavon. JHEP 09 2023 001
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The shape of the sensitivity line

The HNL sensitivity line shows a characteristic shape coming from:

2
‘UaN‘

* Meson production yield Ny,

r i Ko DN\ - proton E
region : region : region \:

- luminosity (PoT) N, > Ng > Np =

. different regions
- target material/geometry
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The shape of the sensitivity line

The HNL sensitivity line shows a characteristic shape coming from:

2
‘UaN‘

* Meson production yield Ny,

r o Ko D\ - proton E
region : region @ region \:

- luminosity (PoT) N, > Ng > Np =

. different regions
- target material/geometry

* BR(M — NZ X) = My < My, —m, — my:upper limit of M
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The shape of the sensitivity line

The HNL sensitivity line shows a characteristic shape coming from:

2
‘UaN‘

* Meson production yield Ny,

T K D

. : : : - proton E
region : region :@ region

- luminosity (PoT) N, > Ng > Np =

. different regions
- target material/geometry

* BR(M — NZ X) = My < My, —m, — my:upper limit of M

: * BR(NV — vis) => M, > Z My : lower limit of M),
My
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The shape of the sensitivity line

The HNL sensitivity line shows a characteristic shape coming from:

2
‘UaN‘

* Meson production yield Ny,

r i Ko DN\ - proton E
region : region : region \:

- luminosity (PoT) N, > Ng > Np =

. different regions
- target material/geometry

* BR(M — NZ X) = My < My, —m, — my:upper limit of M

: * BR(NV — vis) => M, > Z My : lower limit of M),
My

| Uy % only via D/D,; — 7, and 7 decays = less sensitivity due to suppressed production yield
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Heavy Neutral Leptons: signal sensitivity

Following the Feldman and Cousins prescription for a Poisson distribution with no background:

A 10—6
=z
\D)
10~°
- ; g EeT
ool MY PRELMINARY, ol ¥ PRELIMINARY
0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 05 1
My (GeV) My (GeV)
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Heavy Neutral Leptons: signal sensitivity

Following the Feldman and Cousins prescription for a Poisson distribution with no background: N;, < 2.3 = 90 % CL

107°
1078 -
: _ : : -t
— | i A _ ~ —hadr.pu”™ )
jorol PR PRELMINARY, o[ Y PRELMINARY, ool RV PrELIVINARY
0.01 0.05 0.1 0.0 1 0.01 0.05 0.1 0.0 1 0.01 0.05 0.1 0.0 1
MN (GGV) MN (GGV) MN (GQV)
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Heavy Neutral Leptons: signal sensitivity

Following the Feldman and Cousins prescription for a Poisson distribution with no background: NY, < 2.3 = 90 % CL
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Sterile neutrino oscillations

1) BSM physics with neutrinos?

Detector

2
Png = sin® 20 sin’ AZ”EL, L ~ 700m

* Very small L/E: standard neutrino oscillations very suppressed.

* Neutrino oscillation signal = New Physics Signal!

See talk by J. Lopez-Pavon
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https://indico.cern.ch/event/1481010/contributions/6240450/attachments/2976440/5621241/ProtoDUNE_BSM_CERN_2024.pdf

Sterile neutrino oscillations

t 1) Sterile Neutrinos (‘light HNLs")
s ° For very light scales M, HNLs (in this regime usually called sterile
¢ @ neutrinos) participate in neutrino oscillations. In simplified 3+1 scenario:
Am?2. L
Poz =4 Ua U in? a1
> g = 4|Uaa|Upa|sin” ——
7 Am?Z, L
. _ 1 _ 2 .2 Sy
z Paa =1 — 4|Uqy4]” sin i

MeV

* Neutrino energy needs to be determined. Oscillation in muon neutrinos
not accessible since muons not contained. More feasible channels:

* Can we detected tau neutrinos indirectly through hadronic tau decays?

keV

-~
/

eV

/ \
| Tl
M

/
L S__~

See talk by J. Lopez-Pavon
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https://indico.cern.ch/event/1481010/contributions/6240450/attachments/2976440/5621241/ProtoDUNE_BSM_CERN_2024.pdf

Sterile neutrino oscillations

N : : uE )
1) Sterile Neutrinos (*light HNLs*)
10 —
\ Daya Bay Bugey-3 90% C.L
> —— DUNE 90% C.L
e d <7 ---- DUNE 90% C.L 2% shape
= 22z —— ProtoDUNE 90% C.I
] , ---- ProtoDUNE 90% C.L 2% shape
--== ProtoDUNE 90% C.L All energy
D < S. Urrea
o =
(n ay <t
= 5 "B, > 10GeV
T
=
O
> Background
+ efficiency from
DUNE TDR 2103.04797
=
O
=
* We are limited by statistics. But...neutrino flux and cross section
> uncertainties? We have assumed 10% error in normalization.
© e Cut in neutrino energy reduces sensitivity. Can this be optimized?
L * Relevant channel to test Gallium and reactor anomaly.

See talk by J. Lopez-Pavon
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Inelastic Dark Matter

Production from meson decay

Pseudoscalar mesons: Vector mesons:
M
n, y
e L Py W,
A
Dark photon X2 Dark photon
produced on-shell produced off-shell

Vs
See talk by S. Bianco
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https://indico.ift.uam-csic.es/event/29/contributions/452/attachments/248/353/LDW2025_SaraBianco.pdf

Inelastic Dark Matter

Sensitivity from ProtoDUNE:
Scattering

X1,2 X214

Two limits:

LEP

— Low mass region: [mi, < QmeEeJ

dO- 4 82 2E)2<1m6
~ 4TE (87
dE, PHEP(EZ, —m3)(md, + 2m E,)?

1

o>> 0 X

Erecoil, min

— High mass region: [mi/ > QmeEe]

do ) 2y, me — By, (m3 —mj)
~ 8T€ QOQEDAD
dE.

2 4
B3 o miy,
o>> 0 X Erecoil,max - Erecoil,min ~ Erecoil,max

12
See talk by S. Bianco
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Inelastic Dark Matter

BaBar

Thank you for .
your attention!

See talk by S. Bianco
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Plans for the analysis

, ™M Can we reject most of the cosmic
3k Trigger rate of 1-2 Hz shows Jbackground

we reject most cosmics at the
trigger level (but most of our

triggered events are still & Can we identify neutrino candidate
cosmics) coming from SPS beam, and validate

proof of principle

3k Measured cosmic background
rate from Spill Off data.

XK Ana|y5i5 ongoing to show J Can we identify BSM signals

heutrino events from

reconstructed data, results will .
, ~ Can we remove background (neutrino +
be available soon! cosmic)

3k MC simulation and event
selection of BSM/HNL ongoing

< Physics!

See talk by A. Chatterjee
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Axion-Like Particles: motivation

Arise in SM extensions as pseudo-Nambu-Goldstone bosons of a spontaneous global symmetry breaking

The best motivated example is the QCD axion introduced to address the strong CP problem in QCD

The ALPs could be coupled to the SM with different sets of effective operators

In the following | focus on the gluon dominance scenario

a,nt —

04 ~
5L, . =——aG" G
Q H

a

Phenomenology encoded in 2 free parameters: the ALP mass m_ and its decay constant f,
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Axion-Like Particles: motivation

Arise in SM extensions as pseudo-Nambu-Goldstone bosons of a spontaneous global symmetry breaking

The best motivated example is the QCD axion introduced to address the strong CP problem in QCD

The ALPs could be coupled to the SM with different sets of effective operators

In the following | focus on the gluon dominance scenario

04 ~
5L yimt = " ; aGb, G
T a

Phenomenology encoded in 2 free parameters: the ALP mass m_ and its decay constant f,

Concerning the ALP decay constant f

* It characterizes the energy scale at which the global symmetry is spontaneously broken

* It controls how weakly the ALP interacts with SM particles: 1 /], related to ALP interaction strength

J. Hernandez-Garcia XVII CPAN DAYS



Axion-Like Particles: present bounds

* Present leading visible bounds on ALPs coupled to gluons:

— K* — 7%yy: NA62 [arXiv: 1402.4334] and E949 [arXiv: hep-ex/0505069]
bounds derived in

— K; — n%y: NA48/2 [arXiv: hep-ex/0205010]] and kTEV [arXiv: 0805.0031] ArXiv: 2201 07805
— B — Ka,a — yy: BaBar [arXiv: 2111.01800]
— LLP decays into yy: CHARM [Phys. Lett. B 157 (1085) 458] — :f%'fl;;g{'&dﬁ“o
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Axion-Like Particles: present bounds

* Present leading visible bounds on ALPs coupled to gluons:

— K* — 7%yy: NA62 [arXiv: 1402.4334] and E949 [arXiv: hep-ex/0505069]
bounds derived in

— K; — n%y: NA48/2 [arXiv: hep-ex/0205010]] and kTEV [arXiv: 0805.0031] ArXiv: 2201 07805
— B — Ka,a — yy: BaBar [arXiv: 2111.01800]
— LLP decays into yy: CHARM [Phys. Lett. B 157 (1985) 458] — gf;i'fg;g{'&%“o

* Present leading invisible bounds on ALPs coupled to gluons:

Bounds assuming that the ALP scapes the detector without decaying

— K — ma from K = zvr: NA62 [arXiv: 2011.11329,2010.07644], E787 and E949 [arXiv: 0903.0030]

— B —» Katrom B — Kvv: Belle [arXiv: 1702.03224]
Bounds derived in arXiv: 2201.07805
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Axion-Like Particles: production and decay

* ALP production * ALP decay
— m, < 1GeV: Relevant ALP decay channels in DUNE mass window
via mixing with neutral pseudoscalar mesons —m,<3m_:a—yy
71'09’7977, .......... >< .......... a —m, > Smﬂ:a N 372.0 and a — 7T+72'_72'O
- |
— m, > 1GeV: 10 -

via gluon fusion

Branching ratio
p—t
-
8
|
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Dark scalar: motivation

Additional scalars appear in BSM models to stabilize the EW vacuum

In minimal models the additional scalar mixes with the Higgs boson after EWSB

Z D |H|S

Phenomenology encoded in 2 free parameters: the dark scalar mass mg and its mixing 6 ~ ¢,vy/my

J. Hernandez-Garcia XVII CPAN DAYS



Dark scalar: production and decay

* Dark scalar production * Dark scalar decay

One-loop FCNC processes Relevant § decay channels in DUNE mass window

_ Kt S gts — S > ee”

—KL—>JZ'OS —S D HTHT
— S>> atr and S = %Y

D decays CKM suppressed

o
af|

1 — S —>ee
— S—u'w
—_— S '
— S —=K'K
--=. S —all above

B decays not suppressed, but small production yield

0.8

0.6

0.4

0.2
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The SHiP experiment

Ventilation wall

Access shaft (4x8m?)
(existing)

Hadron absorber

Service building
(existing)

Target complex

Access shaft (8x8m?)

Mo/W target

==

Scattering and
Neutrino Detector (SND)

Decay volume

Spectrometer

Particle ID LAr@SHiP placement

SHiP experiment highlights:

* Proton energy of 400 GeV

* Expected running time =~ 2030 — 2045 ,
designed for

. . : 1019 ~ 7 .1020
Large beam intensity 4 - 10°” PoT/year = an expected total of ~ 2 - 10" PoT LLP searches

* “Background-free” experiment for many scenarios

* Fully instrumented

J. Hernandez-Garcia XVII CPAN DAYS



HNLSs searches: DUNE ND-GAr vs SHiP

102 DUNE Phase-Il ~ 4.5 years
HNLs. Majorana nature, pattern ={1., 0., 0.}
1074 Excluded
a\
= 107° 1078
S
Q|
e T D \_/
107, ° )
................................. 1077
1010 R | | |
S S = LHCb-downstream,, -1
' o b : — L _SHrPTSyears\
0.01 0.05 0.1 0.5 1 e e
0.1 0.5 1 S 10
My (GeV) my [GeV]

Better sensitivity of DUNE ND-GAr in the 7 and K regions

Maksym Ovchynnikov - Search for new physics at SHiP (IFIC seminar)
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HNLSs searches: DUNE ND-GAr vs SHiP

1072 g DUNE Phase-ll =~ 4.5 years

HNLs. Majorana nature, pattern ={1., 0., 0.}

_ - Excluded

~
-~ 6"
~ 10
3 -

10,

|
~\J LHCb-downstream,, .. -1]

10—102

L N —_— N o — SHiPT5years.
0.01 0.05 0.1 0.5 1 0 YR S
My (GeV) my [GeV]

Better sensitivity of DUNE ND-GAr in the 7 and K regions

Better sensitivity of SHiP in the D and B regions

Maksym Ovchynnikov - Search for new physics at SHiP (IFIC seminar)
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HNLSs searches: DUNE ND-GAr vs SHiP

1072 . DUNE Phasecll ~ 4.5 years
_ g HNLs. Majorana nature, pattern ={1., 0., 0.}
104 | Excluded
N g
— 107°
; | g
I |
10_10% }J LHCb-downstream -1
L N —_— N — SHiPT5years.
0.01 0.05 0.1 0.5 1 e
0.1 0.5 1 5 10

My (GeV) my [GeV]

Better sensitivity of DUNE ND-GAr in the 7 and K regions

Better sensitivity of SHiP in the D and B regions

Similar results for the | Uy, \2. Better sensitivity of SHiP in the | Uy \2 since it comes from D decays.
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ALPs searches: DUNE ND-GAr vs SHiP

ALPs coupled to gluons
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Dark scalar searches: DUNE ND-GAr vs SHiP

13 DUNE Phase-Il ~ 8 years Dark scalars. Br(h-SS) = 0.
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Better sensitivity of DUNE ND-GAr in the K region

SHiP has potential to explore the region the mg 2 350 MeV region

Maksym Ovchynnikov - Search for new physics at SHiP (IFIC seminar)
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