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Energy Frontier of the Intensity Frontier

A Light Scalar & Dark PhotonBorexino& LSND1706.00424proton-charge radius anomaly)
A Dipole Portal Heavy Neutral Leptdr§03.0326LSNDiniBooNEanomalies)
A Dark Neutrino at Scattering Exp: CHARK MINERVA1812.08768 (MiniBooNEAnomaly)

A General purpose experiments: coming out soon!

Yu-Dai TsaiFermilab/J.Chicago ?
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Outline

Introduction to Millicharged Particles (MCP)
Sensitivity
MCP in Neutrino (Proton Fixed -Target) Facilities

FerMINI Experiment (adding a low -cost detector in the

ND complex, to provide the leading MCP sensitivity)

FerMINI Demonstrator at NuM| Beam
Recruiting experimentalists (especially at Fermilab)!

Join the team!

Thanks for the invitation!



Intro to Millicharged Particles

Electric charge quantization?
Other implications (dark secta@tc
Connection to light dark matter (LDM)

Yu-Dai Tsal, Fermilabytsai@fnal.gov
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FindingMinicharge
Is electric charge guantized® longstanding question!
U(1) allows arbitrarily small (any real number) charges.
2 Ké R2yQU ¢S aSS UKSY Ay Sf SO
MotivatesDirac quantization(srand Unified Theory (GU&lc, to
explain such quantization
A test to see i€/3 Is the minimal charge

MCP could have natural link ttark sector(dark photon,etc)

Could account for dark matter (DM) (WIMP or Fregzscenarios)

Used for the cooling of gas temperature to explairelD&ES result[EDGES
collab., Nature, (2018)Barkana Nature, (2019)
A small fraction of the- SubGeV DM as MCPto explain the EDGES anomalous

21-cm absorption spectrum
6



Millicharged Particle:
Models

Yu-Dai Tsal, Fermilab



MmCPModel

A Small charged particles under U(1) hypercharge

Lmcp = i0(@ —i€'eB + Muycp)

A Can just consider thedeagrangiaterms by
themselves (no extra mediator, i.e., dark
LIK202y0sE 2yS OlFy OFfft 0

A Or this could be fronkKinetic Mixing
- give a nice origin to this term
- an example that gives rise tark sectors
- easily compatible with Grand Unification Theory
- 1 will not spend too much time on the model



Kinetic Mixing and MCP Phase

A Coupledtonew B’ /\/\/\/\O/\/\/\/\ B (SM: Standard Model)
dark fermion

See, Holdom, 1985

1 / / K / -
L=Lsy—-B, B" ——=B B+ ’i?/)(a +ie'B' + ’i]\[m(jpﬂb

A MY ol

A New Fermiony c harged under U(1) 0

A Field redefinition into a more convenient basis for
massless 0 |, B — B+ kB

A new fermion acquires an small EM charge 1 (the charge

of mCP y): QQ = ke’ cosby €= ke cosh, /e.



The Rise of Dark Sector

~ DM

e.g.mCP

Yu-Dai Tsal, Fermilab



Strong Interacting Dark Matter

A MCP as DM candidate
A Strongly interacting dark matter may generally skip
the direct detection of dark matter
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IMPORTANT NOTE

A Our search is simply a search for particles (fermdpwith
{mass, electric charge= {m,, ee}

A Minimal theoretical inputs/parameters

A mCPgo not have to be DM in our searches

A The bounds we derivstill put constraints on DM as well as
dark sector scenarios.

A Not considering bounds on dark photon
(not necessaryfor mCPparticles)

A Similar bound/sensitivity applies to scataCPs

ACKSNBE INB FRRAGAZYLFE Y2UuAdg)



Millicharged Particle:
Signature

Yu-Dai Tsal, Fermilab



MCP(or general light DNt production & detection

0 / > A a2
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Target

C production:
meson decays
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C Heavy mesons are important for higher mass
Y/ t iQkgh enough beam energy
C Important and often neglected!
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C detection:
scattering electron

BR(" °Y 2 »=0.99

BR(' %Y 2Q Q) =0.01
BRCYQQ)=¢@zp T
BR(J: Y Q'Q)=0.06




MCP Production/Flux

1018 :
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A We use PYTHIA to generate neutral meBatitzor direct decays from the pp collisions

and rescale by considering BR(M — xx) = € xBR(M — Xete™) x f(52),

A M: mass of the parent meson, X:additional particlesgfil): phase space factor

A We also includ®rellYan production for the high mass MCPs (@e¢v:1812.03998 "



https://arxiv.org/pdf/1812.03998.pdf

MCP Detection: electron scattering

A Light mediator:the total cross section is dominated by the snaall
contribution, we have § I h T/0

A labframedd =21 (O ba ), 0 bLa is the electron recoil energy.
A Expressed irecoil energy thresholdO hwe have

o= 1 MeV
Tey = 2.6 X 107 %°cm? x €2 x ¢

Eémin] 0

le

A Sensitivity greatly enhanced by accuratelgasuring low energy
electron recollsfor Y’/ t &li@ht dark matter- electron scattering,
A See e.gMagill, Plestid PospeloyYT, 1806.0331C& ~

~L
deNiverville Frugiuele 1807.06501(for subGeV DM) 1

- &
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https://arxiv.org/abs/1806.03310
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Magill, Plestid PospeloyTsai 1806.03310t w|[ ) Wm
MilliQan: Haas, Hill, Izaguirréavin (2015), + (LOT arXiv:1607.04669)
0 :. dzK,\Dolan, and McCabe (2013)

Colliders/Accelerator: DavidsoHannestadRaffelt (2000) + refs within.
SLAC m@rinz el al, PRL (1998); Prinz, Thesis (2001).
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FerMINI Proposal:

PuttingdedicatedMinichargedParticle Detector
In theFermilab BeamlinedNuMI or LBNF
Extend the MCP sensitivity reach far beyond neutrino detectors

Yu-Dai Tsal, Fermilab
18



Dedicated MCP Detector: General Idea

Muon Monitors

Absorber
Decay Pipe
Horns | |
Target
A - X

— Y - . FerMINI

5m 18 m
10m 30m 4/ Hadron Rock 12m

675 m Monitor

A 1 mx1 m (transverse planed3 m (longitudinal) plastic scintillator
array, with many dmeter scintillator bars (400 in total)

A Require triple incidence in small time window (15 nanoseconds)

A With Q down top 1t e, each MCP produce averagely ~ 1 photo

electron observed per ~ 1 meter long scintillator

19



A Total: 1 mx 1 m (transverse planed3 m - s
(longitudinal) plastic scintillator array. M Ore detal Ied DeSIQ

A Array oriented such that the long axis
points at the CM$teraction Point

A The array is subdivided into 3 sections e:
containing 400 5 crm 5 cmx 80 cm
scintillator bars optically coupled to high

gain photomultiplie(PMT)

A Atriple-incidence within a 15 ns time .

window along longitudinally contiguous _ _

Figure from 1607.04669(lliQan@CERN
bars in each of the 3 sections will be
required in order to reduce thdark-

current noise (the dominant background)

20



FerMINI:
A Fermilab Search fawlinichargedParticle

Yu-Dal Tsal, Fermilabytsai@fnal.gov
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Site 1:NuMIBeam & MINOS ND Hall

Beam Energy: 120 GeY, it POTyr

M]NOS Service  Bldg .
Target Service

g o e

Beam Absorber Access Tunnel

MINOS Shaft Area

D 600ft T 225ft 2.200ft 1,100t MINOS
Target Service ,—|‘ Service Bldg .

FAv283 Secondary production

Extraction Hall

Decay Tunnel
(21’6"D + 4’ walkway)

Carrier Tunnel
(10" x 107)

—
Beam Absorber J// MINOS Hall Tumel ~ — |
MINOS Hall
Muon Detectors
Target Hall (35Wx 32’Hx 150°L)

(25Wx30-60'Hx 175°L)

http://www.slac.stanford.edu/econf/C020121/overhead/S_Childr.pdf FerMINILocation

NuMI: Neutrinos at the Main Injecto{ (S S ¢2 RRQa G f ]
MINOS Main Injector Neutrino Oscillation Search, ND: Near Detector
(MINERVAMain InjectorExperimentf 2 PJis also here) 9



Site2: LBNF Beam & DUNE ND H

Beam Energy: 120 GeV

https://indico.cern.ch/event/657167/contributions/2708015/
attachments/1546684/2427866/DUNE_ND_Asaadi2017.pdf
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