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Standard Model

m Standard Modern - successful theory

= Open questions:
» Dark energy and dark matter
» Baryon Asymmetry
» Hierarchy problem

» Family structures and masses
> ...

m We can look for answers at various
frontiers visible mater 5%

» Energy, intensity or cosmic frontiers B . .o m‘\H

Universe content

dark energy 68%
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Intensity frontier: Muon Campus \'4

m Intensity Frontier with muons - an alternative way to look for answers
m Access New Physics at higher energies through loops
* g-2: Measuring muon’s anomalous magnetic moment to 140 ppb
* Mu2e: Looking for ultra-rare decays

2e Cosmic Ray Veto

8/7/18 Yuri Oksuzian



mMuZ2e will search for neutrino-less, coherent muon
conversion into an electron in the presence of A/ nucleus:

w+ Al — e + Al

m|n the SM, y — e occurs at the rate of <10-50

» Signal observation at Mu2e is unambiguous sign of new physics

Rategy; < 10-30 Rateggy ~ 10-15

IU; V/J Ve € M XO 6

) —>—‘~>
‘:u 5
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Other CLFV

Processes

m Most stringent limits come from muon sector

Process Current Limit Next Generation Exp
T — un BR < 6.5E-8
T — Uy BR < 6.8E-8 10-° - 10-10 (Belle II)
T — LU BR <3.2E-8
T — €ec BR < 3.6E-8
KL — ep BR <4.7E-12
K+ — ateu™ BR <1.3E-11
B0 — eu BR < 7.8E-8
BT — Kfepy  BR <9.1E-8
w—ey  BR<42E-13  1014(MEG) |
ut — etete BR < 1.0E-12 10-16 (PSI) |

Rye < 7.0E-13

10-17 (Mu2e, COMET) |
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t pyramids tomography >V<

m Use cosmic muons to study internal structures of pyramids
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Cosmic Ray Background >\’<

m Nasty side of muons: MuZ2e is exposed to 1.25E9 cosmic muons per day

m Cosmic ray muons produce a background

- Interactions with material inside DS, decays and faking electrons
m Mu2e expects 1 signal-like event per day induced by cosmic rays

- 780 events over Mu2e lifetime

- Total expected background at Mu2e: 0.41
m CRV needs to suppress cosmic ray background by a factor of 10,000

Stopping
target Calorimeter
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Cosmic Ray Veto >\’<

m CRV consists of 4-layer scintillating 5x2 cm?2 counters, read-out through
wavelength-shifting fibers by 2x2 mm?2 SiPMs

m Cosmic ray muon detection - hits coincidence in at least 3 layers
localized in time and space

m Veto (offline) 125 ns from a signal window after a coincidence in the CRV

al » Area: 391 m2
« 5,5k counters
« 52 km fibers
* 19,8k SiPMs
« 310 FEBs

Ray Veto 8
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CRYV building block: di-counter

m Counters: extruded PS doped with 1%PP0O+0.05%POPOP, coated with TiO2
» Glued in pairs to make di-counters

m Each counter has two 1.4 mm wavelength-shifting fibers placed in channels

m Fiber Guide Bar is glued and fly-cut

m Fibers are read out by SiPMs

- <—Fiber Guide Bar
N 3|[* «<——Sleeve
T Seal

Counter Motherboard —SiPM Mounting Block
) SiPM Carier Boards
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Electronics

SiPM pixels:
Dynamic range:
Sampling rate:
Rate to DAQ:
Data per run:
Time resolution:

1584
2048
12.6 ns
55 MB/s
0.5 PB
~2 NS

m Surface mounted SiPMs -> Carrier Boards
(19,840)

m Carried Boards -> Counter Motherboards (4960)
m Counter Motherboards -> Front-end Boards (310)
m Front-end Boards -> Readout Controllers (15)

Zero suppression: 6 PE
Triggered read-out

Single Module
SiPM  Thermometer LED : g
SOt i/ S &
o 10
” CMB 1 | CounterA @ Counter B = 1 Front }#
E - S
2 o B o & [OVIZ gy icATE IS
E CMB 2 [ CounterA & CounterB | 3 2 15
= . 316 £
oy B TG
£ : S 212
5 = Front-End N ::;
14 o o o o o S  Board-2 ' o
CMB 32| CounterA & Counter B )——I_E Optical link 1
To - =16 Obtical link 2 Data Transfer
P T H ptica Controller 1
Bottom L= S i
CMB 33| CounterA ¢ CounterB — = 1 :
3 L NN = ;:)znrzEr;id | :Data Transfer
£ CMB 34 ¢ Cg = E o —
2 | CounterA ¢ Caghter B = ! 3] Optical link 1 —Controller 2
S o 16 H —
E | 45 Optical link2 ] o
\ ] ) o
HDMI Header = 1 Front-End 1 Al flo““’ | 48V 800W
= ! 3 3 Bulk SuppI‘
3 Board - 4 I 46% POE+ PSE 5A/pin Ve
Opague FR4 3 : Contollérs w rating ¢ s
- ; =16 ~ 12x#20 wires
2x2 mm SiPM

“Pogo” pins 405 nm LED"

1 X

24x0.75A fises:

lﬁ;
\
MTC

SiPM Carrier Board (SCB)

e
| Ry
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| Chassis Wi‘nn’g'M‘a)‘(
| Current for #20:11.5A

Power SWitch
10A 208V
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CRV module

m Di-counters are used to build a module AP

» 4 layers of 8 di-counters separated by
aluminum absorbers

m Entire assembly glued together
m Weight: 149 - 1091 kg
m Length: 0.9-6.9m

s Number of modules: 86
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Module fabrication at UVa

m Module factory has been set up at University of Virginia
m 9 prototype modules have been fabricated
s Manufacturing tolerances very demanding and critical
m Production is underway
» The factory will be producing a module/week
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Module fabrication

https://youtu.be/ACJTbAOXOuQ

ay Veto 13
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CRYV performance

m Test beam results with CRV prototype
m Light yield: 54 PE/SiPM at 1 m

» Requirement: 25 PE/SiIPM
m Timing resolution: 1.7 ns

» Requirement: 4 ns

3500— — Channel 1: <PE>=53.5 @ F
n - — Channel 2: <PE>=54.0 ~ 900 Gaussian mean: 0.2 +0.01 ns
~N— [ A B
3000— — . <PE> = - ' ;
5 - Total: PE>=106.5 2 800 Gaussian sigma: 2.4 ns
> C ) -
O 2500— R =
- 600|—
2000— =
E 500f—
1500 - 0L
1000{— 300~
= 200
500 — =
= 100f—
O - : ! : : ! - : : : ! - E ] ] I 4 L 1 1 1 1 1 1 L il L I 1 1 ] L I 1 L 1 1
0 50 100 150 200 250 Urs = -+ : - L L o
Photo-Electrons Delta t (ns)
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A

180 = [ testbeam data
= Transverse Scan | simulated values

m MC has been developed to raof-

simulate CRV response to T ,,g,lg‘g;..w» 33
. . . p 1002— F ‘# i M‘ \.A.:_‘
incident particles sof 1

60 |-
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Cosmic ray simulation

m Probability that a cosmic-ray muon produces a conversion-like event is: < 1x10-9
m Simulation campaign: 3.7x1012 (12.8M CPU hours) cosmic ray muons generated
m Two types of simulations:

» Global simulation: covering an area around CRV (4x live-time)

» Targeted simulations: covering areas with limited coverage (250x live-time)
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Background: Production mechanism A\

m Largest source of cosmic ray background is delta-ray production

Pair production by
muons
3%

Primary Electronionization
1%

Compton
2%
Decay

9%

Pair production by
gammas
16%
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Background: Production sources

m Dominant fraction of cosmic background is
produced from materials inside the DS

E [
E 1400 =
1200 —
1(”0 :_ ® °..0¢O. .‘-;.“..o - o » - - e o s DY S o
800 |— . : ) ~ N — Calorimeter
= - 24" - - - <
i - = A‘t-o fevta = P P L o
- - . - .... - o - 1
600 [— 32342 =7 - = . 2
b - / -.;g ?::3 ki PR t { Q:
- €3F J27=. T .
400 |— Proton absorber A & 4 .
— Flange - 5
200 |— Tracker
= Target
" 1 1 1 1 1 1 1 1 2 1 L i 2 " | " 1 1 1
8000 . ‘6(” - = § &
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Background: Sectoral efficiencies

m CRV needs to reject 780 events over its lifetime
m Dominant (74%) fraction of muons enter from from the top
» Top sector of CRV efficiency is >99.99%

m Other CRV regions reject much smaller fraction of muons, and require
much smaller efficiencies

= Total reducible background: 0.07 events

TS U D Cyro
2%___0%__ 0% 0%

I e

R TS-hole
15%
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m A special simulation of events going
through the TS hole with 257X the total
live time (770 years) we found 39 events
that mimic conversion electrons

m This is the largest background for Mu2e /

m Two-thirds of this component can be
reduced by absorbers and CRV-TS

extension
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Beam induced radiation Y

® CRV needs to operate in a sea of neutrons and gammas
m Particle fluxes from beam interactions:
- Damage CRV components
- Produce noise in CRV, increasing DAQ rates. Noise hits in CRV
fake CR muons and increase the dead-time

« CRV ignores hits outside of the signal window

— Gamma

+1.0400e+00 ns
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Spectrometer

Detector Solenoid

Production Target Collimators Stopping Target Tracker Calorimeter

PS is the largest source of neutrons. The source is prompt and reduced in
the signal window
- Neutrons get thermalized, captured and produce gammas
Fast neutrons, produced in the signal window, are from p-captures on
beam-line and stopping target
- Fast neutron recoil off a proton depositing energy in CRV
High energy gammas in the Muon Beam Stop (MBS): electron brems from
u-decays. Muons escaping MBS decay producing high energy electrons
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CRYV shielding

= CRV is shielded from beam induced backgrounds by 1 yd of T-shaped
concrete walls

= Shielding needs to be effective and reasonably priced
» Big effort to optimize shielding price-performance

Production Solenoid

Collimator,
Stopping Target

| W"!'N"Wmm"l",l

Muon Beam
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Neutron damage to SiPM

m Fast neutrons produce damage to SiPMs
» Rad damage is driven by PS and collimators. Requirement is 1010 n/cm?2
m Rad damage to scintillator and fibers is negligible

Read-out

Cryo-hole

y
X‘\I/’Z

1MeV neutron/cm?
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Dead-time

m Background hits in CRV fake CR muons and produce
dead-time

m CRV dead-time is 3%

m Dead-time is stable under beam intensity variations
and the choices of CRV thresholds

DI .fv-w:r\.?m!%sw‘ﬁm o :w
. - ; o %
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CRV Status >V<

Purchased and tested WLS fibers

=8 b h.i“ ~'! h |

HURACAN
PERFORMANTE

Gluemg counter pairs
' 4 lij
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Di-counters production progress v

m The goal for the Summer is to produce 512 di-counters
m We’re well ahead of the production schedule
m Great effort by the team of undergraduate students

Weekly di-counter production (512 di-counters) Status of Dicounter Production (512 Goal)

600 In-Progress
497 1.6%

441

400

200

Number of di-counters produced

Weeks

= Baseline = Produced == 512 di-counter
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Summary

= Muons are fascinating
» They’re an excellent probe to physics beyond the SM
» Cosmic ray muons produce a large background for Mu2e
= CRV is an essential component of Mu2e. CRV design is
challenging
» Maintain 99.99% cosmic ray veto efficiency over 3 years
» Operate in high radiation environment
= We've just started CRV fabrication
» The production progress is ahead of schedule
» It will take 2 years to build CRV

» Once CRYV is fabricated, it will be installed at Mu2e to shield
us against cosmic muons

8/7/18 Yuri Oksuzian

ic Ray Veto



Cosmic Ray Veto



