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BSM at the intensity frontier

' Thermal light dark matter LDM (MeV-GeV): next to
minimal particle content: DM and a mediator. Ex dark photons,

B-L Z',dark Higgs... L /
e Joa 4

' Axion like particles .
F,, Fr

' Relaxion: Light particle associated to a new solution of
the hierarchy problem of the electroweak scale

N
pths  fet

[Graham, Kaplan,Rajendran, 2016]



Fixed target experiments

Proton beam . \ Electron beam
NAG2, MiniBooNE, NOVA, MINOS.. NAG4,APEX,MAMI
Future: LBNF/DUNE, SHIP (?) Future:BDMX,HPS.

Example: Proton fixed target experiment tor neutrino physics

Proton

Target Absorber Dirt Detector
Beam
D = uty, Vy — Ve Ve
— &
Cartoon by B. Batell N

|0 m -100 km




Fixed target experiments

Proton beam \ Electron beam
NAB2, MiniBooNE, NOVA, MINOS.. NAG4,APEX, MAMI,PADME
Future: LBNF/DUNE, SHIP (?) Future:BDMX,HPS.

Example: Proton fixed target experiment tor neutrino physics

Proton

Target Absorber Dirt Detector




Production

It depends on their mass and their interaction with the visible sector

(1) Dark sector-quark interaction:

Rare meson decay, proton bremstrahlung, Drell Yan production

(proton fixed target)

(2) Dark sector-electron interaction:

Bremsstrahlung, annihilation ( positron beam)

(electron fixed target)

(3) Dark sector-photon interaction:

Primakoff production

(axion production)

Y
I
0 [\r | V

71- ~J - -
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Detection

Visible decay The dark particle travel a long distance
and eventually decay inside the detector.
Sensitivity depends on its size and location

*— ‘*

. Dark particles might scatter off
Invisible decay electrons or nucleons inside the detector.
At electron fixed target machine measure
missing energy/momentum

T — "




Detection

Visible decay The dark particle travel a long distance
and eventually decay inside the detector.
Sensitivity depends on its size and location

T — *

Dark particles might scatter off

Invisible decay electrons or nucleons inside the detector.
At electron fixed target machine measure
L J missing energy/momentum

e — EEE—



Invisible signature

It stable, It can account for the right amount of dark matter

Thermal and Asymmetric Targets at Accelerators

Target for existing
and future experiments

2 m? Y
< OV >~ QDE m_?j ~ m—i
US cosmic vision 2017 2 m’,
Y =ecap—%F
P - | 1 | | | J mA
102 10°
mov [MeV] ap = 0.9, ma = 3m,

|lzaguirre, Krnjaic, Schuster, Toro,2014
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Complementarity with direct detection
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Accelerator based searches

Important role played by fixed target experiments

Dark photon benchmark model

2
All Experiments (Kinetic Mixin m
= : e oxing) 7 < OV >~ aped—x ~ 25
10-4 [LHC ,/ mﬁx my
_ // Y — 6204 &
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Dark photon invisible decay
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Accelerator based searches

Important role played by fixed target experiments

Dark photon benchmark mnd~

All Experiments (Kinetic Mixing)

1 10 10° 10°



LDM @proton fixed target
experiments




Original goal
measuring neutrino masses and mixings

Proton

Target Absorber Dirt Detector
Beam

Vu%ye

| 10 m -100 km |



New complementarity goal

Dark matter diSCOVGry [Batell, Pospelov Ritz, 2009]

Detector

N
1O m -100 km




How do we detect DM ?

Two observables

® DM-nucleus scattering

® DM-electron scattering

Main challenge: suppression of
neutrino background.



DM search @ MiniBooNE

8 GeV p beam 540 m

Proton
Beam

oml

| IO m-100 km —

Target Absorber Dirt

+ — ,u+1/” Vy — Ve

f

« LDM analysis in beam dump mode [AA. Aguilar-Arevalo et al. 2017 & 2018]

e (Constraints for sub-GeV vector mediator (not reaching the thermal line)

LDM program calls for a dedicated run to suppress the neutrino
background ? Can we improve MiniBooNE reach using existing
facilities?



Off-axis detectors for DM

Difference angular distribution of DM and neutrino flux
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Neutrinos @ Main Injector (NuMl)

o4l m > [Dob Col [DO%ESI:U’ QE’ 281;‘%
T obrescu, Coloma, CF, Harnik,
8 GeV p beam XN [CF . 2017]
5 l MiniBooNE [DeNeverville,CF, 2018]
4
o)
not to scale o
A% Q SRy NOVA
QP A ;

g Minos
4 Minerva

900 m
120 GeV p beam ._ osany
> . -

14 GeV center
of mass energy

Many possibilities (and existing data) to explore DM parameter space




DM-quark scattering in MiniBooNE

Larger neutrino bkg: going very off axis helps

107°
1077
1078
= 107°
S
<
S
5 107
ki
> 10—11 ]
Same reach with existing data!
10712
10713 |weos
- |POT=6x10% 7
02 a0

my(GeV)
[DeNeverville,CF, in progress] |[CF2017]



NOVA as a DM detector

[DeNeverville,CF, 2018] < OV >0 rnz;
1077 X
1078
107°
~
<
E -10
=10
S
Q
S
-11
c\l|l'|’ 10 LSND
> & E137
———— BaBar
— J/y-invisible -
—— Direct Detection ]
—— NA64
-------- MiniBooNE

— Relic Density (Complex Scalar)

-------- Relic Density (Majorana)
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NOVA as a DM detector

Complementarity
with direct detection
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' SENSEI(Majorana DM)
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LDM @ electron fixed target
experiments




Invisible signhature: electron FT

Advantage over proton machine: it can look not only
for (electron) DM scattering events inside the detector
(THICK TARGET),
but also perform a missing energy/momentum analysis
(THIN TARGET)

Missing momentum experiment (thin target): N o €2

Beam dump experiment (thick target): N  ¢*



Invisible signature: electron FT
NA64: missing energy search @ CERN

fully hermetic detector

1072

BABAR 2017
1073 f \/\/

NAG4: missing energy search

10?0“” 1072 10" 1 10
m,, (GeV)



Missing Momentum Technique

All Experiments (Kinetic Mixing)

E787/949

Belle 11

US cosmic vision 2017
|zaguirre, Krnjaic, Schuster, Toro, 15

10 107 10°
m, [MeV]




Detection

Visible decay The dark particle travel a long distance
and eventually decay inside the detector.
L J Sensitivity depends on its size and location
T — T

. Dark particles might scatter off
Invisible decay electrons or nucleons inside the detector.
At electron fixed target machine measure
missing energy/momentum

T — B ——




[Graham, Kaplan,Rajendran, 2016]

MeV-GeV relaxion

Relaxion-Higgs mixing a generic feature
[Flacke,CF, Fuchs,Gupta,Perez 2016} [Choi,Im,2016) nggS por’[a| probes
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[Graham, Kaplan,Rajendran, 2016]

MeV-GeV relaxion

Relaxion-Higgs mixing a generic feature
[Flacke,CF, Fuchs,Gupta,Perez 2016} [Choi,Im,2016) |—||ggs pOr’[a| prObeS
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[Graham, Kaplan,Rajendran, 2016]

MeV-GeV relaxion

Relaxion-Higgs mixing a generic feature

[Flacke,CF, Fuchs,Gupta,Perez 2016} [Choi,Im,2016) H | g gS pOrtal p rObeS
(&D 10 , : LHCH & Be
£ 10 o o, B W T Spercoy .
i P Babette Dobrich Talk @Vulcano 2108

10°°}

1077} [ NAG62 projected

10} sensitivity
dominated by
10712} ; beauty production
10
107 107 107"

1 10,
m [GeV/e7]

Among present facilities SeaQuest @
Fermilab and NA62 @ CERN can already explore
iInteresting “ relaxion” regions



Diphotons @fixed target

1072

—
e'e —>
41 44

10 [ \GaBar Axion like particles

NA62 at 1018 POT

- 107 E
>
()]
S, 5 p
nga 10 r
107 E
. Z
1077

10-2 10~ 10
Babette Dobrich Talk @ Vulcano 2108 m, [GeV]

projection based on Primakov production and O background

Displaced decay inside the detector a — 7YY




Visible decays

Berlin,Gori,Schuster, Toro, 2018 m_ 4/ [GeV]

. 7 |‘\,( N s
SeaQuest could play a major role! 21 ARG

Beam energy here not so relevant

€}Tlﬂ/}?da,rk



TABLE I: Summary of dark photon experiments.

Dark photon visible signatures present and future effort

=
s S g
= N ) P ~
Flild § 4.5 8 5 5| s
s |2 £ |5 & |& 5|3 g S |55
Experiment| ~ A, Q - = = [a] [25] < = - | Z
APEX JLab |e-brem| £t¢~ |no| 65—600 | 0.5% | e |1.1-4.5 150 pA CEBAF(A) 2010|2018
Al Mainz |e-brem| ete™ |no| 40— 300 ? e (0.2-0.9 140 pA MAMI 2011
HPS JLab |e-brem| e'e™ |yes| 20—200| 1-2 | e | 16 50-500 nA CEBAF(B) 20152018
DarkLight | JLab |e-brem| e*te™ |no| < 80 ? e | 0.1 10 mA LERF  2016/2018
MAGIX Mainz |e-brem| ete™ [no| 10— 60 ? e | 0.155 1 mA MESA 2020 -
NA64 CERN |e-brem| ete |[no| 1-—50 ? e 100 |2 x 10! EOT /yr SPS 2017|2022
Super-HPS | SLAC |e-brem| vis |yes| < 500 ? e |4-8 1 pA DASEL ? ?
(TBD) Cornell [e-brem| ete™ [ 7| <100 ? e [0.1-0.3 100 mA CBETA ?7 |7
VEPP3 | Budker | annih | invis |no| 5-—22 1 | et [ 0500 10¥cm 25! VEPP3 2019 ?
PADME  |Frascati| annih | invis |no| 1-24 |2-5| et | 0550 | <10'etOT/y Linac  2018| ?
MMAPS |Cornell | annih | invis |no| 20—78 | 1—-6 | et | 6.0 103 em 25! Synchr ? | ?
KLOE 2  |Frascati|several | vis/invis|no [< 1.1GeV| 15 lete | 0.51 |2x10%2cecm 2s1| DAYNE 2014| -
Belle 11 KEK |several vis/invis|no |<10GeV | 1—5 |ete | 4x7 | 1~10ab'/y |Super-KEKB|2018| -
SeaQuest FNAL [several ptpu~ |yes| <10GeV [3—-6% p 120 10'® POT/y MI 2017(2020
SHIP CERN |[several, vis |yes|<10GeV|1-2  »p 400 |2 x 10% POT/5y SPS 2026, -
LHCb CERN |[several| £1¢~ |yes|<40GeV | ~4 | pp | 6500 ~ 107! fy LHC 2010|2015

US cosmic vision 2017




Conclusions

New physics can be light and weakly coupled to SM.
High energy colliders have limited sensitivity to such scenario,
while fixed target experiments can probe compelling regions of the
parameter space.

Many experiments are currently running and several
new have been proposed

L —

Important to make the experimental program inclusive

e ————




Conclusions

New physics can be light and weakly coupled to SM.
High energy colliders have limited sensitivity to such scenario,
while fixed target experiments can probe compelling regions of the
parame*aer space.
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Experiment Class Production Modes Detection
B-factory ete” = yA missing mass
Electron fixed-target e Z e ZA DM scatter or missing energy/mass
Hadron collider pp — (jet/v)A’ missing energy
Positron fixed-target ete” = A’ missing mass
Proton fixed-target | #°/n/n’ — ~A’, qg — A', pZ — pZ A’ DM scatter downstream




DM energy spectrum

0081 My=3GeV

- 2K,/ (1—pBcos0)

(I/o) do |dE (GeV™)
=

002 MiNos
0.00. 7 N TS
0 50 60

Dobrescu&CF, JHEP 1502 (2015) 019 E (GeV)

DM energy peak is significantly higher than neutrino peak



Off-axis detectors for DM

MiniBoonNE'’s location with respect to the Main injector
beam is ideal

1.oor - T
| vy from Kaons |

------- Fermion y (M,=3 GeV)
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Off-axis neutrino background

= E
e P T
= F T
— .
S I On-axis Flux (at MINOS)
Eﬁ -l
< [ F . ..
=2 [ — Oft-axis Flux (at MinibooNE)
= F ~ 2200 NC DIS neutrino events
< |
s
\%\ : I I I | | |
0 0.5 1 1.5 S 3 3.5 4 4.5

(1GeV]

The energy of neutrinos is too

small to give rise to numerous deep inelastic scattering events
39



Projected sensitivity
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Ideal position for a future LBNF detector

Lt | . S | | | |
What is the ideal position for SHIP?

ontours of _°_

\ B

miniboone

Off—axis angle [°]

g, = 0.1

400 600 800

L [m] [Dobrescu, Coloma, CF, Harnik 2015]



