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Searching for millicharged particles
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Scintillation based detection

Initial design in 2016 milliQan PMT
LOI: 1200 scintillating bars in
three layers (400 pointing paths)

* Key idea: use scintillator bar array
to detect (very) small ionisation from
low charged particles

» Expected signal: few scintillation
photons in multiple layers

e Each bar + PMT must be capable of
detecting a single scintillation
photon

» Control backgrounds: signal in each
layer within small (~15 ns) time
window and pointing towards the IP

 Modular design is easy to scale and

* mcP Scintillator .,

bar
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Scintillation based detection
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J-PARC with sensitivity for m < ~1.5 GeV

LHC with sensitivity for m < ~45 GeV p007 0saS
1607.04669
FerMINI Muon Monitors

| Range of detectors with
| '\“"'”' - complementary sensitivity

Decay Pipe
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T
For milliQan: proof of
Fermilab with sensitivity for m < ~5 GeV concept “demonstrator”
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MmilliQan location

* Place detector in CMS experimental
site within existing ‘drainage gallery’

e [ocation 33 m from interaction point
(including 17 m rock) — beam
particles greatly suppressed

drainage gallery

b = -%.

milliQan

top view

drainage.
gallery

CMS side view
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milliQan demonstrator

(R

”
, ‘ b,

‘.

‘

R

Installed on mbunt designed
to hold full detector
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Around 1% prototype of full milliQan detector

Ran very successfully, collecting ~35/fb, 2000h
of data in 2018

Operational experience in difficult environment:
triggering/DAQ/DQM

Used for range of studies to prove feasibility of
full detector: alignment, calibrations,
background measurements

Fully simulated in GEANT4 (validated with data)
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Search results

milliQan 37.5 fb~!

With only 37.5 tb-1 and 1% of
the full detector, the milliQan

demonstrator achieves
competitive constraints on 1 y
10~
mCPs milliQan
demonstrator
)
~~
| O
The demonstrator provides new
exclusion limits, but also 1072
guantitative understanding of P o
backgrounds and detector I/ ArgoNeuT
performance |
SLAC MilliQ
10_3 T T L AL L B B L T 1 1 T o] T 1 1 T T TT]
107! 100 10! 1072
mass [GeV]

— Use this to guide future

detectors! Published in PRD:
PhysRevD.102.032002
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Snowmass plans

* Pick up where CERN PBC report/others have left off

« Use data from demonstrator to make concrete
sensitivity projections for scintillation based detectors
at range of facilities: LHC, J-PARC, FERMILAB

Characterisation/understanding of backgrounds (and how to reject
them) - dominant sources common between all locations

Fully validated simulation of signal/background and detector

response

» (Guide design of future detectors based on experience

Funding secured for small four layer detector at the LHC for Run 3

e Other locations? e.g. dedicated forward LLP facility at

the LHC (see backup and EPE LOI)

« Closely linked with more general millicharged particle

detector LOI (previous talk)

M. Citron mcitron@ucsb.edu

Letter of intent: here

Sensitivity reach of scintillation-based detectors for millicharged particles

Matthew Citron,! Christopher S. Hill,> David W. Miller,> David
Stuart,! A. De Roeck,* Yu-Dai Tsai,®? and Jae Hyeok Yoo®
! University of California, Santa Barbara, California 93106, USA
2The Ohio State University, Columbus, Ohio 43218, USA
3 University of Chicago, Chicago, Illinois 60637, USA
4CERN, Geneva 1211 Switzerland
5 Fermi National Accelerator Laboratory (Fermilab), Batavia, Illinois 60510, USA
S Korea University, Seoul 02841, Republic of Korea
(Dated: September 30, 2020)

In this project we will evaluate the sensitivity for particles with charge much smaller than the electron
charge with dedicated scintillator-based detectors at a range of facilities, including the CERN LHC,
Fermilab and J-PARC. The data from the milliQan demonstrator will be used to comprehensively
evaluate backgrounds for each detector, as well as provide a robust simulation of the response of the
detector to low-charge particles.

Colliders /CMS

milliQan
demonstrator

1071

—r‘/
ArgoNeuT

SLAC MilliQ

= HL-LHC milliQan projection
- FERMINI projection
- SUBMET projection

10_4' T T T T T T T T T T T T
107! 10° 10! 107

mass [GeV]
Update these current projections with full
considerations of background and realistic
detector performance (using demonstrator
experience)
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summary

* A large number of new potential detectors for
millicharge particles coming online over the next years
(including at neutrino beam sources)

* All can benetfit greatly from experience with milliQan
demonstrator

* Plan to robustly and consistently evaluate reach for
scintillation based detectors at wide range of sites

* Reach of neutrino detectors complementary - will be
considered as part of larger LOI
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Backup
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Background Sources

e The following components potentially contribute to background:

PMT Dark Counts: overlap of dark rate from three in-line PMTs, or one PMT and
two correlated background hits

Cosmic and beam muon shower secondaries, especially electrons and
gammas, can cause a pulse in each layer of the demonstrator

Radiation from the cavern, bars, or surrounding material (mostly Pb shielded)

Afterpulses: Small, delayed pulses in PMTs caused by ionization of residual
gases following an initial detection

e A detailed detector simulation allows us to understand these
sources in detail
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Fundamental lesson from the
prototype

 Dominant background
comes from cosmic
Muon (red) ana muons creating

shower secondaries: “showers” of particles
gammas (green),

electrons (black), |
photons (cyan)  This shower can cause a

hit in each of the layers
that mimics what we
expect from signal

 Much better rejection with
four layers and expanded
size of each layer
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Demonstrator components

e 3 layers of 2x3 scintillator+PMT

~ 1% prototype of full milliQan detector

e Scintillator slabs and lead bricks

Tag thru-going particles, shield radiation

e Scintillator panels to cover top +
sides

Tag/reject cosmic muons

dual digitiser
readout
CAEN V1743 digitizer:

P 16 chan, 1.6 GS/s,
640 ns window
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Simulation validation o Gomuative s ve ] |

per lumi section

120

* Generation and propagation 100

80—
Check beam muon occupancy agrees with -

expectation 60
40
Measured rate: 0.20/pb-1 agrees well with %ﬁHH‘
expected rate: 0.25 + 0.08/pb-1 20 ]ﬁ #
3t

/\| |. | f 0 100 200 300 400 500 600 700
so validate angular spread of beam muons Fill lumi/pb-

(see backup)

. 37.5f"

e Detector response s [ milliQan —4— Data i
A [ Scintillator _

_§ = [ ] Rock =

Comparison of photon yields in data and = [ Lead ]
simulation shows good agreement across a wide 5 g't‘:]’;“r‘”“m =
range of energy depositions

» Detector calibrated and simulation l
validated — search for millicharged : L R
particles! T o e B —
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Signal selection and categorisation

e Selections: event must

have exactly 3 hits,

Selection Data Data

Signal

Beam-on Beam-off m, = 0.05 GeV

Signal

Signal

my = 1.0 GeV m, = 3.0 GeV

TR . t=1106h t =1042h Qe =0.007  Q/e=0.02 Q/e=0.1
Wlthln 15ns’ ina . Common > 1 hit per layer 2003170 1939900 136.4 34.2 5.7
Olntln ath a” W|th Selections|Exactly 1 hit per layer 714991 698 349 123.1 31.0 5.0
p g p ( Panel veto 647936 632494 122.5 30.8 4.9
well-behaved s|gna| First pulse is max A18711 409296 114.3 30.6 4.8
. Veto early pulses 301979 295040 113.9 30.6 4.8
amplltudes) max npe / min npe < 10 154203 150949 104.2 29.6 4.7
Atmax < 15 ns 5284 5161 72.8 28.4 4.4
Slab muon veto 5224 5153 72.8 28.4 4.4
i Straight path 350 361 68.4 28.1 4.2

°
Under these SeleCtlonS’ Nstab =0 332 339 64.8 16.9 0.0
backg rounds are Naap > 1 18 22 3.6 11.2 4.2
SR1 Nuab = 0 & min npe € [2, 20] 129 131 174 0.4 0.0
reduced by 5 orders Of SR2 Nuw =0 & min npe > 20 52 45 0.0 16.5 0.0
. SR3 Nuab = 1 & min npe € [5, 30] 8 9 1.1 0.5 0.0
magnitude SR4  Nawp =1 & min npe > 30 4 4 0.0 8.7 0.0
SR 5 Ngap > 2 1 1 0.0 2.0 4.2

 We categorise signal
using # of PE and slab
deposits to optimise
sensitivity for a wide
range of charges

M. Citron mcitron@ucsb.edu
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Background prediction

e Background predicted using ABCD method inverting timing and
pointing path requirements in beam-on dataset (details in backup)

 Beam does not contribute to background (confirmed from simulation
and data) — validate prediction method using beam-off dataset

« Agreement in validation check defines systematic uncertainty

Signal region predictions
and observations

Region Ngjap min npe Prediction Observation

Good agreement with 1 0 [2,20] 12471 129

prediction in all SRs — 2 0 >20 49.97%9 52

derive exclusion limits on 31 [530] 10-7;23212 8
4 1 . ‘

mCP mass/charge >80 245 4

5 >2 - 0.0792 1
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Background measurement

Fourth layer tested in-situ

 Detector aligned and calibrated - measure -
backgrounds for full milliQan detector | e 8 T o

* Major lesson from demonstrator: dark rate
subdominant background source

* Motivates update to 'four layer’ design —
achieve targeted background rate

3 Layer v. 4 Layer Closure Test 104

3
é = < 103 >< >< Observed average rate per path
P —0— 2 .
§ : 5 3 Layer Measured g 102 Predicted dark-current rate from demonstrator data
w 10— —g— —0— 3 Layer Estimated 10=""""""""""""TTTTTTTTLL meeeme- Using assumptions in Refs. [1, 2]
= —e5— 4 Layer Measured
C 1
- =8=_ 5 —/A\— 4 Layer Estimated 1
- 10-
- —q]—
L factor e y

~300 & g

8|

I Illlllllu I
| |
{|>_

+—
S 3

X

o7 Backgrounds return to v

10-8 ~ level assumed in LOI

10_4 E_ _9
:I I I 1 1 III II 1 1 L 1 1111 10 | | ____________l_ ____________
2 3 ! -10
1 10 10 10 min nP1EO 10 Two-fold coincidence Three-fold coincidence Four-fold coincidence
. . Signal selection: coincident hits
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L ooking forward for milliQan
9X0

* Plans for mechanical structure modules
mature: two adjacent detectors of A
864 bars in four layer configuration

* Use experience from
demonstrator: improvements such
as additional layer will provide

wide range of sensitivity

* |nitial funding secured to build Composition of a
small four layer detector for Run 3 detector module
with significant sensitivity gains

Stepping stone for full detector for which side

we are actively seeking funding o%2 scintillat
X2 scintillator

unit group
M. Citron mcitron@ucsb.edu 19
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SUBMET location

Neutrino
Monitor
building

SUBMET
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MCP Detection: Electron Scattering

. Q2 is the squared 4-momentum transfer.

* labframe: Q% =2m, (E, - m,), E, - m, is the electron recoil energy.

(min)

* Expressed in recoil energy threshold, E, , we have

1 MeV
9K
Tev ~ 2.6 X 10”%°cm? X €% X : .
X (min)
E(: — Me

* Sensitivity greatly enhanced by accurately measuring low energy

electron recoils for MCP’s & light-mediator scattering

M. Citron mcitron@ucsb.edu 21 Yu-Dai Tsai
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Looking Forward for Millicharged Particles at LHC

The “FormIng” Setup
MCP d i
etector Saeid Foroy hi, Felix Kling, Yu-Daj T
> Yu-Daj Tsaj
—>|Beam Collisi i
“ iFORiWAiRD ” Ision Axis ——
|
PHYSICS | O\—J/[ =
o FACILITY | o -
. l

v

Adding a milliQan (FerMINI)

View B-B

— ]

- type detector

C

1:250

Dougherty (2020)
Also see Feng, 2020, Snowmass AF-EF-RF Meeting

See, e.g., milliQan (arXiv:1410.6816 / 1607.04669 / 2005.06518), FerMINI (arXiv: 1812.03998)

10° 5
10-1 E

10~2 E

10-3 _El\[iniBooNE SLAC

LSND

1074 E

ArgoNeuT

Colliders

Super-K

Proto-
MilliQan

3ab~!
110 events

ForMINI
full run

Saeid Foroughi, Felix Kling, Yu-Dai Tsai

CMS

PRELIMINARY

1075 Sy
1072 10~1
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109 10!

my (GeV)

102

Projection of Millicharged Particle (MCP)
sensitivity with different masses and Qx/e.

“ForMINI” experiment

Saeid Foroughi, Felix Kling, Yu-Dai Tsai
Forward MCP search

consider missing productions

various locations (esp. forward region)
coming out ~ next week

We will add other projections in the paper

Yu-Dai Tsai, Fermilab 2020
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General purpose detectors at the LHC

Phase 2 tracker

3 [Ty l T T TrT I T T 1T l llllllllllllllll I llllllll
! - CMSSOfb at\/'s = 7TeV
| o _ """"""""" L2/3 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16
—°10" = AR Ly = 21200 | ' -
1~ - observed 95% C.L. . B 000" | | | | | 18
a L . == expected 95% C.L.x10 SR || l| || || || .. Outer
g [ s expected 95% C.L.+2 o | 800 || l| || |I || L
S i e OO T + 2. tracker
- — - _ | | _
E q_1/3 . 400__- N N N U U U U U M Y :I :I ': ': ': %g
200__ SN N N U WY \ v /! —30
[— ~ 0F—= UL i '1 I i 4ﬁ0
— . | | | q= 2/ 3 o 500 1000 150 2000 2500 z[mm]
107 100 1 50 200 250 300 350 400 450 500 550 600

12102311 m (GeV)

 Much larger angular coverage than external detector provides sufficient acceptance for
models up to O(100s) GeV but sensitivity only for Q > 1/3 (FCPs)

e Strategies: trigger on muons and look for low dE/dx hits in tracker (1210.2311, 1305.0491)

* In phase 2, CMS outer tracker only provides binary output
« Searches with dE/dX from (upgraded) muon system? Dedicated triggers? Dedicated low

dE/dx readout bit? Timing measurement from MTD? Considerations for ATLAS/future
detectors?
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