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NO sign of new physics at the LHC

What could we be missing?
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Milli-charged particles

Many SM extensions include “hidden” or “dark” sectors

“Dark EM” Mixing of dark photon

1 and SM photon

/ / K /
L= Lsn—B,,B" — 5B, B"

Dark sector particles could acquire small SM charge through mixing
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Searches for milli-charged particles

+ Strong astrophysics constraints
for millicharge particles < me

+ SLAC beam dump: m < 0.1 GeV
- Collider searches: Q/e > 0.1

- GeV range unprobed, and
would be produced at LHC
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Detector to find millicharge particles

+ Looking for very weakly
ionizing particles: need long
path through active material

- milli-Q signal: few scintillation
ohotons In each layer

- LHC backgrounds (muons):
huge signals, easy to reject

+  Require coincidence In three
" layers to remove random
oo ‘ backgrounds
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Proposed location

15 m of rock between
MilliQan and CMS:
few beam particles

| HC beam
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1% prototype

CAEN V1743 digitizer

Plastic scintillator 16 chan. 1.6 GS/s.

BC408: 80 x 5 x5 cm?3) 640 ns window

Lead shielding
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High gain, fast PMTs
o I($$) Older, slower PMTs

(effectively freel)

‘ , | "“ m—/‘&‘ c‘?“.}::‘: | :
Hamamatsu R7725 Electron Tube 9814B Hamamatsu R878

& . -
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Vlodule assembly
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Setup and installation at CERN
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L owering down the shaft
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FInished prototype
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Key calibration questions

How many photons
are collected?

What does a single
photoelectron look like?
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FINding single photoelectrons

Bench setup at UCSB

mV

unmasked PMT masked PMT \fTrigger
, 80 .................. .............. ................. .................. .................. .................

ﬁ \ scintilator ﬁ - g

..

Special configuration: two PMTs
on one bar

Trigger on large pulse, look for
SPEs in masked tube
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Ryan Heller, UC Santa Barbara 14




FINding single photoelectrons
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Charge distributions

Run 64
_g 1035
s | 1 peak Peakfinding easily reveals SPE spectrum
€ 10 peaks
S Validate other SPE sources:
i thermal SPEs, early afterpulses
10
15
10—1_|| llli lllillllilllllll L1y | LUJl | ]
O 01 02 03 04 05 6 0.7 08 09 1

0.
Pulse area (nVs)

—ach peak offset by SPE gain, ~0.07 nVs
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Pulses in milliQan

Channel map

Run 70, File 6, Event 8563 (beam off)

: : : ; : : 333 ns: 19 mV, 161 pVs, 14 ns
30— il T — S T — A 386 ns: 13 mV, 105 pVs, 11 ns
: : : : : ’ 518 ns: 15 mV, 127 pVs, 12 ns

Sy B ]

E - i z g g g

o Y B S S s S Channel 8, N =4

2 . : : : : : 304 ns: 42 mV, 598 pVs, 27 ns
E_ __

E __

<

Arrival time: height,
area, pulse duration

A N U S S B
300 350 400 450 500 550
Time [ns]

Hamamatsu R7 725, 1600 V
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Run 70, File 6, Event 6300 (beam off)

Channel 2, Np =2

ulses

297 ns: 9.0 mV, 57 pVs, 9 ns
444 ns: 12 mV, 75 pVs, 11 ns

Amplitude [mV]

—lectron tube 98148, 1600 V
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SPE measurement

Run 70, Channel 2, 1600 V

Run 70, File 6, Event 6300 (beam off)

....................................................................................................................................................

800

Channel 2, Np =2

ulses

....................................................................................................................................................

700

Pulses

Amplitude [mV]

N : : : : : 297 ns: 9.0 mV, 57 pVs, 9 ns
600 __ ......................... ......................... ......................... ........................ ........................ 444 ns: 12 mV, 75 pVs, 11 ns
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First pulses (trigger)
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SPE measurement

Run 70, Channel 2, 1600 V

Run 70, File 6, Event 6300 (beam off) B

....................................................................................................................................................

800 30

Channel 2, Np =2

ulses

....................................................................................................................................................
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First pulses (trigger)
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SPE measurement

Run 70, Channel 2, 1600 V

800

....................................................................................................................................................

....................................................................................................................................................

700
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First pulses (trigger)
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Cleaned late pulses (quiet for previous 20ns)
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Run 70, File 6, Event 6300 (beam off)

30

Y . S — S— S—

plitude [mV]

20 :_ ...................... ...................... ......................
15:_ .................. ...................... ...................... ......................
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A R R R
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—lectron tube 98148, 1600 V

5 Channel 2, Np =2

ulses

297 ns: 9.0 mV, 57 pVs, 9 ns
444 ns: 12 mV, 75 pVs, 11 ns
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SPE measurement

Run 70, Channel 2, 1600 V

700 |—

600 —

Pulses

500 —

400

300

. | —— First pulses

—— Afterpulses

............................ E.........................E.........................E... Cleaned afterpulses

Me:an = 64.4 pVs
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300

Pulse area [pVSs]

First pulses (trigger)
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Cleaned late pulses (quiet for previous 20ns)
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Run 70, File 6, Event 6300 (beam off)

Amplitude [mV]

ulses

297 ns: 9.0 mV, 57 pVs, 9 ns
444 ns: 12 mV, 75 pVs, 11 ns

Channel 2, Np =2

—lectron tube 9814

T B
350

A P B
400 450 20
Time [ns]

3, 1600 V
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SPE measurement

Run 70, Channel 5, 1450 V

Run 70, File 5, Event 3583 (beam off)
m B r—
d) B E
2 250 i e et et ee e aee e aeeeaeeeaeee e mee e ee e ee e e e et eaan e aaaeaaaannaan |$|
= B S
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Pulse area [pVs] Hamamatsu R878, 1450 V
First pulses (trigger)

Late pulses
Cleaned late pulses (quiet for previous 20ns)

First pulse: susceptible to sculping by trigger
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SPE measurement

Run 70, Channel 11, 1600 V

Run 70, File 1, Event 7072 (beam off) ]
3 | |
.................................................................................................................................................... >
) 600 é
3 8 Channel 11 , Npulses= 2
n_ 50O oo 2 303 ns: 15 mV, 122 pVs, 12 ns
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First pulses (trigger)
Late pulses
Cleaned late pulses (quiet for previous 20ns)

Starting bench study to understand 2 strange PMTs
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L ight yield calibration

How many photons do we collect for given energy deposition”
- Gamma sources:

- well-known energy, high rate

logistically difficult
- Cosmic muons:
- always there
low rate, unknowns: angle of incidence, presence of secondaries

|[deally use both: source calibration when possible, monitor with cosmics
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Cosmic events

Run 24, File 3, Event 9970 (beam off) B Run 172, File 108, Event 3022 (beam off)
H

Channel 4, Np =1

ulses

186 ns: 52 mV, 4094 pVs, 115 ns
Channel 6, Np =1

ulses

188 ns: 46 mV, 3632 pVs, 112 ns

Channel 1, Np =1

ulses

195 ns: 140 mV, 5907 pVs, 108 ns
Channel 3, Np =1

ulses

192 ns: 92 mV, 3995 pVs, 91 ns
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260 280 300 320 180 200 220 240 260 280 300 320
Time [ns] Time [ns]

Hamamatsu R8/78, 1000 V -1 98148, 1000 V

240

220

180 200

Have to turn voltage way down to measure cosmics (1600 V — 1000 V)
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Cosmic charge measurement

Run 172, Channel 1, 1000 V Run 172, File 108, Event 3022 (beam off)
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Pulse area [pVs] =T 9814B, 1000 V
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Cosmic charge measurement

Run 172, Channel 1, 1000 V
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Pulse area [pVSs]

Run 172, File 108, Event 3022 (beam off)

Amplitude [mV]

o
180

200 220

3, 1000 V

240

260

280

300

C
320
Time [ns]

Channel 1, Np =1

ulses

195 ns: 140 mV, 5907 pVs, 108 ns
Channel 3, Np =1

ulses

192 ns: 92 mV, 3995 pVs, 91 ns
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Extracting cosmic light yield

Cosmics
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Extracting cosmic light yield

Cosmics
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Pulse area [pVs]
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Channel 1, NPE = 6500

High voltage [V]
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Can’t measure cosmic and SPE
at single HV

Scale cosmic yields by Npe

3-parameter fit:
slope, intercept, Npe
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Cosmic light yields

Hamamatsu R878
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Cosmic light yields

Hamamatsu R878

10 10

Pulse area [pVSs]
Pulse area [pVs]

e Channel 1, NPE = 6500 ¢@% e Channel 4, NPE = 5200

%

) Channel 3, NPE = 6200 10—1 Eé ...................... ................... ................. Channel 5, NPE — 4200

Channel 7, NPE = 5700 e Channel 6, NPE = 7400

10—2 =_| ...................... |||

High voltage [V] High voltage [V]

Q=0.01: ~5 photons

O(5000) photons for vertical muon Q=0.005: ~1 photon
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Irigger rate spike

3-coincidence trigger rate (Hz)

70 A

[ [
@ ®os"® @
1009 9%d “eme
60 . ‘
[
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30 -
20 -
0 500 1000 1500 2000 2500 3000
. umisection
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3-coincidence trigger rate (Hz)

Irigger rate spike

70 A

60 -

50 -

40 -

30 A

20 A
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00,00 4%8 00 cn
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0 500
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Magnetic field and trigger rate

® milliQan rate (triple coinc)
—— magnetic field (offset + scaled)
50 -
®09
40 -
b
©
o’
30 - P
O
[
@
20 - O
8 10 12 14 16 18 20 22

Hour (Nov 30)
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Cosmic monitoring before/after

Channel 4, R878

______ S S T
+ ' Magnet off

Channel 5, R878

—
o
N
[ IIIIII|
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Magnet on
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10
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\

\
1 ||||_|!L

High voltage [V] High voltage [V]
B-field: X)

D[

Residual magnetic field reduced collection efficiency!
SPE charge unaffected l
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10

Pulse area [pVSs]

Ryan Heller, UC Santa Barbara

High gain R7725s in B-field

Channel 9, R7725

High voltage [V]

Much more dramatic effect in R7725s

Pulse area [pVs]

N —h —h —h
-~ o R < <
1 IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| [T TTHI

T

Channel 10, R7725
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High voltage [V]

3-field: @

D[

-
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Noise triggers from huge pulses

By

un 115, File 1800, Event 36 (beam off)
0T é M1 El IE| ID

S _
E N
O B Channel 6, N e 0
T 40— e p
= — Channel 8, N =2
o | pulses
- - 205 ns: 8.9 mV, 9 pVs, 6 ns
D [ [ Channel9,N =8
| pulses
B : : : : : 203 ns: 5.7 mV, -3 pVs, 6 ns
20 = 20 0 S | Channel 10, N =12
: : : : : pulses
E ; ; ; ; 192 ns: 1251 mV, 58377 pVs, 50 ns
10_— """"""""" R 18 RS FHA i gL -------------- Channel 11, Npulses= 3
B . L 11l I-:I : : 224 ns: 6.3 mV, 15 pVs, 7 ns
o \ 1[’& J' F-,, .Hl !-'. s X l '. fd_. Channel 12, Npulses= 0
: L" M kel
~10L u 1 - SO AP LR ST SRR e i ------------- Channel 15N =0
200 250 300 350 400 pulses
Time [ns]
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HOJOSCcope

Each pack , - .
4x2 bars of 2x2x50cm Iracking hodoscope:

9 cm narrow scintillators+ SiIPMs

& 5
o 0
/// ) - Many uses:

- Alignment check

- Event characterization
(identify showers)

- Active veto
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Muons In hodoscope

Muon rate in hodoscope

e
L(TTH{TT] III‘III‘III‘ IETIII‘III‘I I‘III‘IIl

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1 10/2
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Hodoscope: backup luminometer

Muon rate in hodoscope

e
L(TTH{TT] III‘III‘III‘ IETIII‘III‘I I‘III‘IIl

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1 1 0/2

T | | T T T | | T T T !
| https://cmswbm.cern.ch/wbm4lhc/#tweekly

Instantane-éus --------------- ---------------------- -------------------- .....................

Iuminosit- ln .................. INE N NN

T T

Sop 55 Sop o4 Sop 55 Sop 36 Sop 57 Sep 28 Sop 290 Sep 30 Oct 01 Oct 02
23:59:59 GMT T IiMmMmes0:-00:00 to 201 7. 10.0= 23:59:59 GMT
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Vleasure hodoscope muon rate

chi2/ndf=74.6/67

_ » Plot Nmuons VS luminosity for
each flill

140

ri_'/

120

100

Extract rate: 0.18 muons / pb-’

80

60

Number of muons

40

20

0 100 200 300 400 500 600 /700 800 900

LHC fill integrated luminosity [pb]
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Vleasure hodoscope muon rate

Simulate propagation of

chi2/ndf=74.6/67 muons from CMS

m B o >
g 140 ngé =$’f;§s
- B 5 B DY
E 120 2 — P- upon hit
© 100:— ng_ CD
- _ . Q
2 s After i Before
g " propagation| . propagation
Z F _

40—

- I - I I I I I I
083 PT (GeV)
-20 _ol = %olo' — '20|o' | 'éolo' — 2150' | 'é()lo' — '6(|)o' — '7o|o' | 'éolo' ~7900 - Measured rate: 0.18 / pb'1

LHC fill integrated luminosity [pb]
Expected rate: 0.22 / pb™
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|_uminosity leveling

CMS: Fill 6323 Instantaneous Luminosity ® CMSOnlineLumi

J I | | | | | | | I | | | . | | | . | | | | | I [

20000}
“£18000

o
%
]

| I - | I | | | I | | | I | | | l | | | :I
:00 02:00 04:00 06:00 08:00 10:00 12:00
Time since start of fill [hours]}
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L uminosity leveling

CMS: Fill 6323 Instantaneous Luminosity ® CMS Online Lumi Average rate over many fills

—h
N
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20000}
“£18000

—l
o

00

, L | I | :l | | | | | | | | | | | | | I | | | :I
:00 02:00 04:00 06:00 08:00 10:00 12:00
Time since start of fill [hours]} Time since start of fill [hours]

1 1 1 | 1 1 1 | 1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
OO 2 4 6 8 10 12 14

Hodoscope muon rate [/hour]
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Discovering the beam

noBeam
60__ Entries 673
I B Mean -5.053
- Std Dev  6.873
t2 |
wll Beam off
~2.2m t E
t1 40__
30 —
2.2 m path length between layer 1 -
and 3 B
20_—
—xpected time difference between - Downward
' . 10— -
upward and downgoing muons: - coSMic MuUons
2.2mx2/0.3m/ns =15ns -
OL__IA——I-—’l/IIIIIII|IIII|IIllllllllllllllllllllm
-30 -25 -20 -15 -10 -5 0 ) 10 15 20

AT (layer 3 - layer 1) [ns]
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Discovering the beam

t2

t2

Time ar

ference for beam

Mu

Ryan Heller, UC Santa Barbara

ons Is 15 ns!

beam
120 Entries 1769
u Mean -1.956
B Std Dev 8.824
10— Beam on
80— Upward beam
B \ y muons
B ‘
60— ‘
ol \ |/
B Downward
0 cosmic muons
O ;h_l.érl——)FAI;I L1 11 | I I | | I I | | I I | | L1 11 | I I | | L 1 1
-30 -25 -20 -15 -10 -5 0 5 10 15 20

AT (layer 3 - layer 1) [ns]
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Radioactive background

Run 59, File 15, Event 8959 (beam off) ] Run 59, File 15, Event 9316 (beam off)
H

Channel 4, Np =1

ulses

180 ns: 7.3 mV, 4.6 PE, 38 ns
Channel 6, Np =1

Channel 1, N
pulse

191 ns: 20 mV, 3.6 PE, 25 ns
230 ns: 10 mV, 0.8 PE, 9 ns

Channel 3, Np =2

ulses

188 ns: 8.5 mV, 1.9 PE, 16 ns
205ns: 7.8 mV, 1.0 PE, 9 ns

ulses

188 ns: 6.3 mV, 3.8 PE, 34 ns

>
£
®
ge,
=
S
S
<

Amplitude [mV]

I P A I I D A N A PR I ST PRI PRI A AT B
170 180 190 200 210 220 230 240 170 180 190 200 210 220 230 240 250 260
Time [ns] Time [ns]
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Radioactive background

Fill with largest pulse from each channel

nPE, chan 3

Coi
Adj

35 40 45
nPE, chan

ncidence peaks at 1 photon, tail to 25-

102

Amplitude [mV]

1

acent bar coincidence rate is 50-100 I

Z!

Run 59, File 15, Event 9316 (beam off)

170 180 190 200 210 220 230 240 250 260
Time [ns]

Layer crossing Is very rare, but likely a major contribution to milli-charge background

Ryan Heller, UC Santa Barbara

Channel 1, N =2
pulses

191 ns: 20 mV, 3.6 PE, 25 ns
230 ns: 10 mV, 0.8 PE, 9 ns

Channel 3, N =2
pulses

188 ns: 8.5 mV, 1.9 PE, 16 ns
205ns: 7.8 mV, 1.0 PE, 9 ns
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Prototype upgrades

Active shielding slabs:
neutron moderator
tag radioactivity

Additional channels (1.5% prototype)

\ v
‘ . h
o "

Ryan Heller, UC Santa Barbara 49




Prototype upgrades

side view I

| e

Hermetic veto panels
tag cosmic showers

Improved magnetic shielding
and monitoring

Additional hodoscope
channels
tag specific cosmic
trajectories
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Other avenues for background reduction

+ Correlated radioactivity across layers:
+ Increase lead shielding
- Random coincidence of thermal SPES:
+ Cooling
+ Add PMT at both ends of bar!
- Targetting Q > 0.01: use cheaper PMTs

- Improves time/energy resolution as well
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Conclusion

- Very optimistic about first

results from prototype

Brian ~ | -+ Learning valuable
ancs & Y f  information about
- W -, B backgrounds and

operation of detector

Many interesting ideas to
explore for the full
experiment!

”
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% * ":/:" 3 ;"-..
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Backup



Prospects for general-purpose detector search

35.9 b (13 TeV)

>106E-|||III|IIIIIII||ll|l||
i —9— D

(D 105 CMS ot

— 3 . H(125) — in

Q . _ monolet = = =+ Axjal-vector, M o= 2.0TeV

GCD 10 B zovv)+jets

S .

L 10°

(Data-Pred.) Data / Pred.

400 600 800 1000 1.200 1400
Missing momentum [GeV]
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| ess than Q/e = 0.1: invisible to CMS/ATLAS

Classic dark matter search: look for unbalanced
momentum from hadronic recoll

Invisible Jet

« — €O—
Key problem: huge background from Z = wv

millicharge S/B ~ 1/1000, and o(B) ~ 10%

Unlikely to see sensitivity at traditional LHC
experiments
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Further PM 1T bench studies

- Planning SPE measurement with dim LED
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Further PM 1T bench studies

Planning SPE measurement with dim LED

Result from IceCube PMTs

1 ' I ' I ' I

106 _ Data _é
Model -
S b =
10 — — = Model (Scaled) :
-
Q o+t 1Y T Gaussian Fit
8_ .................. PedeStaI FIt
L a3 L -
S 10 =
o
@)

Shoulder - “?

0 5 10 15
Charge (pC)

0

lceCube PMT calibration
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https://www.sciencedirect.com/science/article/pii/S0168900210006662?via=ihub

Further PM 1T bench studies

- Planning SPE measurement with dim LED

Result from IceCube PMTs

1 ' I ' I ' I

. 6 L Data i
Focusing electrode Last dynode 82%'33 ins 10 E E
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5 == —
Sscondary poras 1% pa) _ 1 — — - Model (Scaled) *
Incident - . ¥+ aaaaa i i
Hokt > 104 L Gaussian Fit -
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Light input 2 B i
window s 103
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Electron multiplier O

Photocathode  (dynode)
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lceCube PMT calibration
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Geant simulation of photon propagation in bar

Shoot 3 GeV muon at bar, perpendicular

Near PMT, perpendicular

Far from PMT, perpendicular

Center of bar, perpendicular

PMT hits [% / (0.5 ns)]
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5 10 15 20 25 30 35
Arrival time [ns]

o
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Ihroughgoing muons

Near PMT, perpendicular

Far from PMT, perpendicular
Center of bar, perpendicular
Throughgoing, away from PMT
Throughgoing, towards PMT

PMT hits [% / (0.5 ns)]
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Near PMT, perpendicular

Far from PMT, perpendicular
Center of bar, perpendicular
Throughgoing, away from PMT
Throughgoing, towards PMT
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Signal with few photons: sample this distribution a few times
Dispersion in time over ~10 ns
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