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@ Motivations to new physics BSM

@ Hidden sector portals

9 Probing Higgs portal at fixed target experiments

@ Existing constraints & future projection on dark scalars

© Light scalars production & sensitivity reach at LSND
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Empirical Evidence for Physics BSM

Dark Matter

CMB power spectrum
Cluster and galactic rotation curves
Gravitational lensing

| A

Neutrino Oscillations & Mixing

mixing between the flavor and mass
eigenstates of neutrinos
Sterile neutrinos

| A
o o
s B

Positron Fraction - @, +/(®,- +0,+)

Anomalies, e.g. the cosmic ray excess

Observations of the et excess by PAMELA
& AMS Il = Potential hint of enhanced DM
annihilation mediated by light force carriers
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Dark Matter Candidates, Anomalies, and Search

Techniques
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Thermal Freeze out & WIMP Scenario

Assume a new heavy particle x is initially in thermal equilibrium: xx — qq

@ As the Universe cools and @ It turns out that the relation
expands: between €2, and annihilation
- L B - strength is wonderfully simple:
LAY T Ty T ‘!105 1 7712
" my=100GeV 3 X
1040 x -i105 QXO(-—N—4
r ] (ov) 9x
o X—e—g
1 102
. 1”, X—t—73
1070 Jie
ot 5 e For m, ~ GeV - TeV and
r :]0 gX ~ O(l) = QX ~ 0.1
10
d % aq 1%
. RN 0, =~ 0.1200 % 0.0012 [Planck
© T(GeV) o Collab., '18]
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WIMP-like (thermal relic) DM

1073 . 77 103
10740
For sub-GeV DM: 1041
Me < MpPM < Mhad

a high intensity

10742
Sy
10-43| <72y

e . 1074
relativistic beam is i
1074 Neutinos
advantageous, as 1046

WIMP-nucleon cross section [cm?]
WIMP-nucleon cross section [pb]

direct detection T ye— | [
(Violet oval) Magnetic DM
e o 2
sensitivity drops due L0 o oo ouines 10
1049 | & s ntaner 1013
to recoil thresholds © st v stp connaen
- e o
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WIMP Mass [GeV/c?]

[Snowmass Summary; Cushman et al. “13]

2
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to

medi. T
Viable thermal relic density for a sub-GeV WIMP requires new annihilation
channels through light states as part of a hidden sector [Pospelov et al '07]
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EFT for a (neutral) hidden sector

mediators
Standard Model <> Hidden Sector
SM) /~(med)
oMo 1
Lediation = Z % ~ Oportals + O(K)

n=k+l—4

Generic interactions are irrelevant (dimension > 4), but there are three
UV-complete relevant or marginal “portals” to a neutral hidden sector

@ Vector portal: L= B‘U‘VF/ [Okun; Holdom; Foot et al]

2c050
o Higgs portal: £ = —HTH(AS + \S?) [Patt & Wilczek]
e Neutrino portal: £ =yyLHN
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(Minimal) Higgs portal and light scalars

mediators
Standard Model <—> Hidden Sector

LD -ASH'H

@ A potential extension of the Higgs sector
@ Consider the DM scenario mg < 2mps

The light scalar S acts as a force mediator between fermionic DM and SM
@ Interested in sub-GeV mass range:

Induced couplings after EWSB

mys = _
L£L>—6S (Tf Ff + g5 Fu F™ + gsyn NN + - - )

A

\:9 ~ Avfm} <1 \:gsw = 2 F,(msg) \ ‘:QSNN ~ 1.2 x 10—3;\
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Fixed target probes - Neutrino Beams

@ Ability to probe the hidden sector experimentally?
@ Advantage of fixed targets compare to colliders [Batell, pospelov, Ritz '09]

@ Long-Baseline Neutrino Experiments: v beams generated by high-intensity
proton sources directed on fixed targets reach the (near) detector set up.

p+N—= X +a5 K* o5 KE syt
- — - — >
[
- — - >
— [ —

Proton Beam Target Charged Mesons Neutrino Beam Detector

@ Consequence of a HS: production of a high intensity "new weakly coupled
light mediator beam” followed by the decay (or recoil) in the detector [Batell
et al '09, '14]

= an additional contribution to events
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Fixed target probes - Scalar production and signature

Analysis
@ Number of S produced under the Higgs portal scenario?
@ Probability that a produced S mediator will reach the detector?
Piccay = e~ Li/vBT _ o=Lys/VBT
@ How likely is that the decay S — [Tl ,nm, KK, ... produce an event?
Number of events: Ng X Piet,
2
Piey ~ <’Y fﬂ%ab> X Piecay X €off

Ly
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Fixed target probes - Scalar pro

@ Direct production @ Secondary hadronic decays
p+A—S+X e.g. bremsstrahlung p+A—-H+X = H—>5+X
Ng = oNpor (N/XJL Ns = N x Brirsx

The most relevant processes: flavor changing rare B and K meson
decays + radiative Y decays.

B — K+ 5 formg <mp—mpg K — 7+ S formg <mg —mg,

b ! [Krnjaic '16;Winkler '18] !
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Constraints on dark scalars through Higgs Portal

[Winkler '18] [Westhoff '19]

LEPBenZ'¢ 107 T i T T 3
CMS/LHCb m,,,

BaBar Y-y+jets
E949 K* 1" +Vv
KTeV Ki»m+fiy
LHCb B->K™ +ziy 1073
BaBar B->Xg+700

Belle Il

SN1987a o HA N HL-LHCD
BBN  LTRSASA S e ~

CHARM

NA62

SHiP

DM Direct Detection

No DM Thermalization B T -

Relaxion Theory Exclusion
1 10 1 2 3 4

mg[GeV] ms [GeV]

3

G EEOEEEEC O

@ E949 & NA62 (kaon-mode): Rare decay © LHCb & Belle: Visibly decaying of S
measurement of K+ — 7T vp, interpret as contributes to B — K171~ (bump hunt)
K+ = nts.

@ CHARM: Bounds on ALP (S — Iti7)
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Fixed target probes - Light scalars at LS

LSND Kinematics
o largest POT datasets of any @ 300 MeV proton beam
fixed target experiment ~ 1023 impacting a thick target
@ provide important constraints on @ At LSND: 7 and A are the
the dark photon N{7 ~ €N, relevant hadronic dof.
(low mass) K and B mesons are not

kinematically accessible.

Beam Stop
I

- Overburden
¢ IS R R |

[ ]

LSND Detector water Plug Electronics
and Veto System Caboose

30m
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Light scalar production at LSND

@ Proton bremsstrahlung as the
dominant production mode

Number of Scalars produced

-
‘o
> ~ 7 S

1, et al ’17; P

Débrich et al ’18]

[Pospelov

7 = vy, 7+N—=S+N
A—sm+p+ S
p+N = S+X

10% POT
high Z
800 MeV  metal

Proton Beam  Target Intermediate States

Saeid Foroughi-Abari

1010 4

@ Normalized production rate [SF,

Ritz '20]

= Bremsstrahlung
= Delta decay
= Primakov production

0 50 100 150 200 250 300
ms (MeV)
-
———————— - — - >
Detector

December 2, 2020



Proton bremsstrahlung - splitting function

OFPT
Approximate the rate in terms of the pp )
emit absorb
cross-section and a calculable M > M
sub-process [Altarelli, Parisi] [Boiarska '19 dopp, +sx lit
p . [ .are i ar|?|] [Boiarska ] C;lnpzl—; ~ P§p1 (Z,pT)Upp(S/)
Two possible time orderings exchanging zapr
the intermediate state p': Verified that this condition is satisfied
to a few percent for LSND kinematics if

z €10,0.5] and pr < 300 MeV

Pt

emit absorb

Mp—>p’SMpp/—>X

Mcmit — 400
2EP’ (Ep - ES - Ep/) 200

Mabsorb _ MP‘HD,X‘/\/IPP,HS S 300 400 500 0
= 2Ep/(ES — B, — Ep/) Es (MeV)
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pp — ppS via OPE - complementary approach

@ Modelling of pp scattering at sub-relativistic beam energies via One
Pion-Exchange. Additional processes (e.g. two pion exchange) become
important for P, 2 600-700 MeV.

@ Inelastic contribution to oy, via A-resonance important at moderately
relativistic beam proton. [PDG '06]

@ At low P,: the rate calculation agrees with the splitting probability of the
proton to emit S via OPE at the O(1) level. [SF, A. Ritz '20]

160 pp Scattering Cross-Section 200 Splitting Probability Ratio
--- yExchange

140 One n Exchange 1.75
—— Total Elastic (1 + y)

120 1.50

—— best fit to data
}  pp-X (Total)
t  pp-pp (Elastic)

split, OPE ; p, split
PP /P
=
o
S

w0 0.50 Py (MeV) :
—— 800 —— 1000 | ms=10 MeV
20 0.25 900 —— 1463
0.00
250 500 750 1000 1250 1500 1750 2000 25 50 75 100 125 150 175 200
Pp (MeV) Es (MeV)
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Neutrino backgrounds at LSND (may skip)

@ LSND Collab. analysis:
Vet 2C—e+X
v+ PO—pu+p+X
@ Assumption: eTe™ (uT ™) pairs produced are indistinguishable from single
electrons (muons)
@ Kinematic cuts:
60 < Eg < 200 MeV for e~
160 < Eg < 600 MeV for ™
efficiency ~ 0.1

@ Number of beam-excess events < 20
@ Br(S—1Tl7)~1
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Sensitivity at LSND

The leading constraint in a small window in scalar mass from 120 to 180
MeV & from 2m,, up to 320 MeV. [sF, A. Ritz 20]

1074

&\\ PED ==

o ‘ -

e KOTO provides sensitivity through the neutral decay channel
K; — v
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Search for a Higgs Portal scalar in MicroBooNE

Search for mono-energetic scalars from the NuMI hadron absorber and decaying

to electron-positron pairs. [MicroBooNE Collab. '20]

10°F

=== MicroBooNE Preliminary 95% CL limit
== KOTO 1o allowed region
10 — CHARM limit

— E949 limit

— NAG2 limit
T FEUE FEN FUTEE TN ST FETEE NUEE T S

100 110 120 130 140 150 160 170 180 190 200
Scalar mass (MeV/c?)

Upper limit on the scalar-Higgs mixing angle 6 for masses in the range 100-200
MeV.
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Conclusion

Light sub-GeV thermal relics are difficult to probe using conventional
direct detection experiments.

High-luminosity fixed target experiments provide impressive sensitivity
to new light weakly coupled degrees of freedom.

Revisited: the minimal model of scalar singlet coupled to the SM
through the Higgs portal, decaying visibly to leptons for masses below
350 MeV.

Proton bremsstrahlung is found to be the dominant .S production
mechanism at LSND beam energies.

LSND experiment imposes the leading constraints within two mass
windows between mg ~ 150 and 350 MeV.

Among the possible future analyses is the NA62 at CERN which
provides greater sensitivity to K+ — 7 + invisible at low S mass.

(SBN) program at Fermilab could also provide new sensitivity to the
Higgs portal. [Batell et al 20
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Looking Forward to Millicharged
Dark Sectors

Based on arXiv:2010.07941 [SF, F. Kling & Y. Tsail]

Saeid Foroughi-Abari

University of Victoria

December 2, 2020

Some of the slides | present are drawn from talks given by Yu-Dai Tsai



OUTLINE

Millicharged particles at LHC

Intro (models) of millicharged particles (MCP)

Dedicated experiments: MilliQan & FerMINI to
search for MCP

FORMOSA: Probing MCP at the LHC forward physics
region

Other experimental probes: Proton Fixed-Targets /
Neutrino Experiments

Millicharged Strongly Interacting Dark Matter

2020-10-26



Complementary Proposed Experiments @LHC
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Why study MeV — GeV+ dark sectors!

MeV — GeV+ Dark Sector are motivated by thermal freeze-out DM & anomalies
We don’t need to search in the dark!

Some anomalies involving MeV - GeV+ explanations
Muon g-2 anomaly
LSND & MiniBooNE anomaly
EDGES result
KOTO anomaly
Proton charge radius anomaly (resolved?)

Below ~ MeV there are also strong astrophysical/cosmological bounds that are hard to avoid.
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Fractionally Charged Particles

Is electric charge quantized and why?
Fractionally (or irrationally) charges are allowed under SM U(1) hypercharge

Naively violating the empirical

_ . /
[:MCP — X(Zﬁ — € QB o mX)X charge quantization

- Can just consider these Lagrangian terms by themselves (no extra mediator, i.e., dark photon)

Could account for (sometimes fractional) dark matter (DM) relic abundance

A small fraction of the DM as MCP can potentially (used for the cooling of gas temperature
to) explain EDGES anomaly: [EDGES collab., (2018); Barkana, (2018)]
- Observation of anomalous absorption of 21 cm spectrum
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Kinetic Mixing and MCP Phase

This could arise from vector portal Kinetic Mixing: [Holdom, ‘85]

Millicharged particle (MCP) can be a low-energy consequence of massless dark
photon (a new U(1)" gauge boson) coupled to a new fermion (become MCP)

1 , K y e
L= Loy — 7B, B" — 5B, B" +X(id — ¢ B' —my)x
X
Kinetic -
mixing X
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Accelerators

Lamb Shift e
Ortopositronium ' Thermal

DM

Accelerator cavities

WD cooling hint
White Dwarfs

Red Giants

-18 -12 -9 -6 -3 0 ' 6 9 12
Haas '17, Fermilab Log,ommcpleV] arXiv:1311.0029

MCP is one of the simplest dark-sector test models for
accelerator experiments

Searches for milli-
charged particles

Strong constraints below m,:

. — Cooling &
energy loss bounds from stars,
SN, etc.

« Cosmology: Bounds from BBN
and CMB on N,

° . direct constraints
from SLAC mQ, LEP, etc.

« The SM at 0.1 GeV to
100 GeV



MCP Detection Signature

“Hard” (MeV-level) electron elastic scattering
e.g., MCP in neutrino experiments [Pospelov, et al. 1806.03310]

Ionization (eV-level): ~ very low-energy scattering
MilliQan: arXiv:1410.6816, iR
FerMINI: arXiv:1812.03998 <——> x €

1710.00971
(NA64 collab.)

VACUUM VESSEL

| N B 1808.05219
Y %EH.+ T (LDMX collab.)




Dedicated MCP detector: milliQan @LHC

Heavier MCP, 0.1 to 100 GeV can be probed at the LHC
A three-layer scintillator detector at 33 m from CMS IP, at Transverse Regin
Triple Coincidence in small time window ~ 15 ns

20m

_ Existing LHC Detector a rXiV: 1607 04669
w/ milliQan Collab.
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Sensitivity to MCPs at Transverse Region

Expected Sensitivity Proto-milliQan first update!
T e milliQan 37.5 fb~!
0.500( Colliders 7{/;@\4 . ‘
i I,’,"’
0.100| ) 1o™ milliQan
2 0.050} y demonstrator
g i )
1 5’
w ' CMB Nt
0.010 (indirect) 10-2 —
0.0057 g1 AC MilliQ ~ hzzmz==zm=oozes
Vastatey SLAC MilliQ| CMB Nesr
0.001 . . = L - - . (indirect) . .
7 0.01 0.10 1 10 100 107t 10° 10t 10?
arXiv:1607.04669 Mmcp(GeV) arXiv:2005.06518 mass [GeV]

Dominant background: Demonstrator ~1% (total of 18 bars) taking
data since mid-2017

Cosmic muons & dark current
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FerMINI @ DUNE

MCP Produced in Fixed-Target Experiments

A Fermilab Search for MINI-charged Particle based on LBNF: Long-Baseline Neutrino Facility

scintillating detectors Jonathan Asaadi, Texas A&M University
Beam Energy: 120 GeV, 102! POT/yr

Primary Beam Enclosure
Apex of Embankment ~ 60

MI-10 Point of Extraction
Near Detector Absorber Hall Target Hall Complex

Kirk Service Building Service Building
1071 (LBNF-30)
MiniBooNE .
=2 12 A
S milliQan (HL — LHC) ="~
Il
o 1072
FerMINI at DUNE
1074
= m | yr, standard shape
= w1 yr, 5 X length
105 Coo vl [ N  —— U ) ) 1
1072 107! 1 10
arXiv:1812.03998 m, [GeV]

Directly inspired by milliQan concept [Hass, Yavin, et al. *14]

FerMINI Detector



High-Intensity Energy Frontier

Despite the focus of the LHC Higgs factory on Central Region (isotropic production)

High flux of light dark sector (weakly interacting) particles could be achieved at the LHC
Forward Region

View the detector located at ~500 m away along the “collision axis” after beam curves as

d Very energetic beam_dump eXperiment! Foroughi, Kling, Tsai, arXiv:2010.0794—1
ATLAS Ip i
- Motivates a small and inexpensive detector: B Lie 5PS
____T?:::__— —‘i’;téa_ :— " :—_"u:llz
FORMOSA: FORward MicrOcharge SeArch PR T AT SRR -
e FORNIOSAY om
Existing UJ12 cavern at Forward Physics Facility (FPF) can N""mm ST bearn ;;u.fs;;,;a;a;""a----»
house FORMOSA A : FPF FORMOSA-I|
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MCP Production Channels

Light meson decays
Importance of heavy vector meson

at h|gh Mass 1015_ T->YXX 6, < 1mrad
i w=2xx
1012 P-XX
_ :;jvj .
Drell-Yan direct & L
_ W | Y(1S)-xx
production = [
B - —— 3S)-xx
106_
Enhanced MCP production cross-section -

compared to the transverse direction 10-2 10-1 100
S.F, F Kling &Y. Tsai ‘20 my[GeV]

10!
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MCP Detection: lonization

Deposition of energy due to ionization

dE
<_d_> ~ 2 62 MeV / cm  Typical mass stopping power
£z
Average number of photoelectrons (PE):
_ dE
Npg o< L, X <_d_> ~ €2 x 10° 1 m plastic scintillator bar
T

The probability of observing multiple-coincidence (for reducing the background)
of at least one PE in each stack of the scintillator

_ (1 _ ,—Nep\n — Total number of 7 . P
Faet. = (1 € ) signal events X 7 det

Follows Poisson dist.
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FORMOSA: Expected Background

Beam unrelated background:

arXiv:2005.06518 |
- Cosmic muon & dark current pulses in the PMTs

in coincidence = similar signature to MCPs

<*Quadruple coincidence can reduce these
BG to a negligible level. [milliQan Collaboration ‘20]

Rock e

Simulated cosmic ray shower event
Background from the beam pipe

<+Use the panel veto-shields + reconstruct the events to be pointing to the ATLAS IP
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A New Challenge in the Forward Region

Beam related background:

New challenge arises due to large flux of HE muons (and secondary particles) from the beam
collisions

FLUKA simulation performed by CERN STI group
estimated muon flux < ~ 1 Hz/cm2 ~ one muon every 100 us

500HL-LHC: Muon- distribution at FASER
- .

-
Q
©o

Feasible task: implementing an online-veto of large-PE events
- ensures a high signal efficiency §

[

<
—
o

But this is not the full story ... oo et

-200
-400 -300 -200 -100 O 100 200 300 400 500
x (cm)

Afterpulses: small pulses occurring with a delay time of 6t < 10 s arXiv:1812.09139
after the initial pulse

10—11

Remove the afterpulse background by vetoing ~10% of the data

Considering better PMTs with reduced afterpulse duration can also improve the live-time efficiencies

2020-10-26 e

fluence per primary collision (cm2)



|
: LEP
|

FORMOSA: Sensitivity W T e

* Two scenarios including
placing the detector 2m off- _
aX|S. 10—2 -

FORMOSA-I
2 m off-axis

- 16 bar det. /]
Proto-MilliQan o

Better sensitivity reach in | ArgoNeuT

comparison to the full | . _EU_BI\]E_T____ ______ P ORMOSA
milliQan run. 1()—3?“\.\“-\@,00N SLAC ,.;i_f'_,.._..._f full detector
More background studies, a—’:-:———-—"':’v*_

ideally including in-situ gaf—wo _ SFFKing&y Tsai 20
measurements are needed. 102 10°! 10 10 10
However, the background can my|GeV]

be brought under control.

Advantage of enhanced MCP production in the forward direction
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More Millicharged Particles Hunting

- MCP scattering with electron enjoys low-momentum transfer DS & FE ) ST

- - - - X X
« Sensitivity greatly enhanced by accurately measuring low energy . .
1 1
0.100 v
> ——
DY
_____________ e e
0.010 —— LSND Similar topology:
%’ —— MiniBooNE deNiverville, Pospelov, Ritz, ‘11,
MCP in neutrino | — MiniBooNE* Batell, Pospeloy, Ritz, et al. ‘14
. w
Experiments 0.001 ISP/ _| -~ ~=~==—"" uBooNE
----- SBND 9
R DUNE €
L SHiP Oey X Emin —m
Magill, Plestid, Pospelov, Tsai (1806.03310, PRL “19)  ======* MilliQan € £
10 100 1000 10* 10°

MmCP(MeV)
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Strongly Interacting Dark Matter

If DM-SM Interaction is too strong: Attenuation of the expected local dark matter flux at the
underground Direct Detection Experiments

Loss of sensitivity to dark matter above some critical cross section.

DM particle \

Earth’s m

t
I
|
|
I
|
|
|
|
I
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Probe of Millicharged Dark Matter

FORMOSA can help cover a large part of the millicharged DM region that is previously
unconstrained.

10-17 4 Reference Cross-section for MCP-
Electron Scattering (Direct Detection)
107 16 052 2,2
C\l:: _ L 7T 6 MX@
S, Oeref — A )
5 FORMOSA-| 43 vef
& 1072 _ ’
qd,ref = Qe
FORMOSAII
10-234 LSND e Direct Detection
(0.4% DM)
S.F, F Kling &Y. Tsai ‘20
w02 10t 100 10! 102
2020-10-26 Q

DD curves are from arXiv:1905.06348 My [GeV]



Summary

MCP probes at terrestrial experiments such as colliders, fixed-target experiments as well as
astrophysical or cosmological observations have been vastly studied and searched for.

FORMOSA, a milliQan-like experiment placed ~ 500 downstream from ATLAS, would take
advantage of enhanced MCP production in the forward direction using scintillator-based
detectors

FORMOSA can help cover a large part of the millicharged DM region that is previously
unconstrained in the 100 MeV to 100 GeV mass window.

Beam-related backgrounds associated with the sizable flux of forward muons, such as PMT
afterpulses, become important in the forward direction.
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THANK YOU FOR YOUR ATTENTION!
ANYTQUESTIONS!?




