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e The MUON detector 1s made up of four stations (MZ2-M5), divided 1into
four regions (R1-R4) from the beam pipe. Between the stations are
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three 80-cm thick iron absorbers that filter muons. ;;é
. . . . \ §§§§§\ 4-gaps
e Each station is equipped with 4-gap MWPCs \ g§§§ MWPC
e Coincidence of hits btw stations (isMuon) can be used with ~100% %S\\\\; ss of region
muon efficiency to reduce the hadron misID at the 10-2-10-3 level §\ § \ R3M4

depending on the particle type and momentum
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e This performance is enhanced with the D2 (Run 2) and y2_. (Run 3)
variables (more in the following)
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https://arxiv.org/abs/2008.01579
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e Challenge: maintain current MUON performance at UZ!
e Limiting factors:
- FEE deadtime for muon efficiency
- High misID due to increased combinatorial rate & particle flux

e Three “handles” to solve 1it: improved granularity, new electronics and
additional shielding

e Solutions proposed in the FTDR, currently under scrutiny:
e R1-R2 (rates up to 1 MHz/cm2):
- u-Rwell detectors w small pads — dedicated talk by E. Santovetti
e R3-R4 (rates s 50 KHz/cm?):

- Keep most of the present MWPC and read them at their full
granularity (1.e. no pad grouping to form logical channels)

- Expected aging @ Run 6 in the outer regions already achieved at
the end of Run 2 on MZ2R1 chambers, with no efficiency loss

- Expect to replace some MWPCs with high granularity ones
- Back-up solution: use RPCs / scintillating tiles
e Increased number of channels & new FEE across the whole detector
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[LHCb-INT-2020-007 ]

[LHCB-UZ2-FTDR]

MUON U2 detector granularity

# of Pad size
chambers cm X cm

M2R1 12 0.9 x 0.9
M2R?2 24 0.9 x 1.8
M3R1 12 1.0 x 1.0
M3R?2 24 1.0 x 1.9
M4R1 12 1.1 x 1.0
M4R?2 24 1.1 x 2.1
Mb5R1 12 1.2 x 1.1
Mb5R?2 24 1.2 x 2.2
M2R3 72 2.5 x 12.5
M2R3n 40 2.5 X 6.3
M2R4 128 5 X 25
M3R3 64 2.7 x 13.5
M3R4 176 5.4 x 27.0
M4R3 48 5.8 x 14.5
M4R4 192 5.8 X 29.0
Mb5R3 48 6.2 X 15.5
Mb5R4 192 6.2 x 31.0
Total 1104
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https://cds.cern.ch/record/2776420?ln=en
https://cds.cern.ch/record/2714057?ln=en

Shieldi

e To mitigate the high particle flux on M2, we’re studying the
possibility of replacing HCAL (1.7m, 5.6A1) with a passive shielding:

e R1-R3: full 1ron, 10.1A1
e Median plane: iron/concrete/iron sandwich, 6.2Ar
e Top and bottom: concrete, 4A:

e Rate reduction MZ2R1:-42% MZ2RZ2:-69% MZ2R3:-64%

e Negligible muonID efficiency loss 1s evaluated from simulated
K? - utu~ events (Run 2 conditions):

[800-6TQZ-INI-9DHT]

HCAL Shielding
1, all regions 97.5+0.2% 97.7 £ 0.2% .
R1 93.1+0.9% 93.4+0.8% e PrOlC o) g
R2 08.2+0.3% 98.7+0.2% §
R3 99.1 £ 0.2% 97.4 + 0.3%
R4 96.9 £ 0.4% 98.8 £ 0.2%
211, all regions  94.8 £0.4% 95.4 + 0.3%

e Additional shielding studies are ongoing, e.g. Mirrobor
against thermal neutrons ~_
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https://cds.cern.ch/record/2667260?ln=en
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e In 2022, we repeated a rate measurement campaign with new data — this 1s crucial to understand the details of
the shielding & FEE requirements

e For the extrapolation to U2 luminosity we used:
e Luminosity scans, e.g. FILL8212 with 7 lumi points taken on 09/2022
e At each point we recorded FEE scaler counts for each physical channel across the whole detector
e Chamber rates (avg. of channels) are linearly extrapolated to £ =15x%x10>* cm?s~!
e Extra shielding material 1installed during LSZ2 1s accounted for in data (HCAL-M2 beam plugs + tungsten)

PrOLf;r:CEO('L'lidinﬁ per M5R4 Q1| 24D (2022)
real): , ,
’g [
o) 25—
u=1.10 e L =1.05x1032cm?s? §
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff g
(]
u=1.45 e L=1.39x10%2 cm2s1 20—
U=229 e L=2.19x10%2 cm?2 st i
””””””””””””””””””””””””””””””””””””””” 15—
=292 e L=2.79x10%2 c¢cm2sl -
u=3.50 e L=3.35x1032 cm?s? 10—
U =4.05 e L=3.87x10% cm?st B
777777777777777777777777777777777777777777777777777777777777777777777 s—t—llllllllllllllllllllllllllllllllllllll
3 1 1 1.5 2 25 3 3.5 4 45
u=4.56 * L=4.36x10°¢ cm™“s Luminosity (x1032)
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Chamber rates on MZ2R1-R2 (Hz/cm?)

M2 (Hz/cm2)

Chamber rates on

e Maximum rate per region (black) and the mitigation effect of the shielding (-> red) (kHz/cm?)
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e Currently, there’s one FEE channel per bi-gap, made of two
physically OR-ed gaps. The two FEE outputs are further OR-ed.

e However, reading each gap individually reduce the rate
significantly and 1s desirable for UZ

e To 1nvestigate different readout schemes, we measured bi-gap
and quadri-gap rates, and also split:

e Uncorrelated rate (U): due to random hits in each gap

e Correlated rate (C): due to muons / tracks, or in general
time-correlated hits

Measured f. values

M2 M3 M4 M5

R1 0.08 0.05 0.12 0.10

R2 0.10 0.08 0.14 0.14

R3 0.16 0.22 0.34 0.33

e The fractions of correlated hits (f.) have been measured on data R4 0.33 0.46 0.51 0.32

e The single-gap rate 1is thus made up of R, =R,;,+R- , where R-=R,Xf-

e This distinction 1s important because the deadtime-induced inefficiency for a given readout depends

differently on these two components. For example i1f we read 4 gaps individually:

R xS y l-efton=Riyxs — 1-eqin=~10-efl, Uncorrelated inefficiency is negligible
1_€= rue =R0bs><5 ‘
1+Rtmex5 \\ﬁ 1—€gap=R4XfCX5 — 1_€cham=1_€gap

corr corr corr Correlated inefficiency dominates!
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e The previous formulas are valid only when the time distribution of the hits 1s uniform, but at LHC:

1. the hits are produced in bunches

2. background and muon hits have different time distributions — we are interested in muon inefficiency
3. deadtime fluctuates

— we developed a Monte Carlo simulation to validate the formulas

500

400

300

200

100

e Background time distributions
are generated from measured
TDC spectra for each chamber
(superposition of 3
consecutive BX)

Pad time M2R2 chamber M2A17A3

x10° hTimeProfM2R2_121713
— Entries 8102846
B L Mean -3.328
— Std Dev 5.192
B L
[ s | P T . e W
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e Muon hits (
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) are generated with

Gaussian times (correlated). However,
1f the number of hits (per muon
channel) 1s low in each BX, a long
train of BX looks ~ uniform in time

Hit times for Run 4
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e In fact, the simulated muon
1nefficiency (red points)
matches the formula (blue
points), for 1l-gap, 2-gap and
4-gap readouts

Deadtime-induced inefficiency with Logic = 1-readout

i

0 =75ns, gate =25 ns
frac_corr =0.30
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e Now that we trust the formulas, we can map the (correlated part of) deadtime-induced 1inefficiency
e Conservatively assuming 6 =100 ns :

these values have been measured on data across the whole detector and found

to be 1n the range 75-100 ns with the present FEE [JINST (2016) 11 P04010]

e M2 especially crucial due to high rates, here shown for the worst case 1.e. current MAPCs & no shielding:

2
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| 17.81 |
10.28 [14.66][9.82][ 11.85
13.07 |[17.14] 16.55|| 14.34
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https://iopscience.iop.org/article/10.1088/1748-0221/11/04/P04010

[JINST (2016) 11 P04010]

Deadtime 1nefficiencies & uRWell

e As 1 —-exR, the effect of the shielding is the same shown for the rates in — slide#6

e Instead, here the current MWPCs are compared to pRwell chambers, which have smaller readout pads:

Current pads (black) -> muRwell pads (red) in mm?2

Reg / Sta M2 M3 M4 M5
R1 38x31 -> 9x9 41x34 -> 10x10 | 29x36 -> 11x10 | 31x39 -> 12x11
R2 /6x31 -> 9x18 | 82x34 -> 10x19 | 58x73 -> 11xZ21 02X77 -> 12x22
R3 25x125 27x135 58x145 62x155
R4 50x250 54x270 58x290 62x309

Maximum deadtime inefficiency % HCAL - MWPC Maximum deadtime inefficiency % HCAL - uRWELL

R1

R2 R2 |
R3 R3
R4 8.24 3.37 2.30 8.55 R4 8.24 8.55

-% Moving to high-granularity uRWell chambers

e High 1nefficiencies are strongly mitigated in R1-R2 with pRwell chambers
e Some high values remain in R3-R4, where MWPCs have large pads
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https://iopscience.iop.org/article/10.1088/1748-0221/11/04/P04010
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0.4 j htemp
Entries 2016

Mean 7.548e+04

J/l// — //t + //t N Std Dev 4.925e+04

e Different regions of the MUON detector are impacted
differently by new detectors and shielding
— high momentum tracks more likely fall into inner regions
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e The 1mpact of all the quoted effects 1s therefore evaluated 0.15
on the muonID efficiency for benchmark channels

o
—

0.05

0 . o - x10°
50 100 150 200 250
P
1. Deadtime-induced 1inefficiency — per-chamber maps from previous slides are applied to channel kinematics
2. Shielding in place of HCAL — rate reduction MZ2R1:-42% MZ2RZ2:-69% MZ2R3:-64%
3. Improved granularity on R1-RZ2. As per Table 1in — slide#10
4. Removal of the M2 station, a possibility if highly inefficient
Momentum (GeV) 1sMuon w/o M2
p < 3 FALSE o . .
— the aim 1s to check the impact of dropping M2 from
3<p<©6 M3 : :
the present algorithm, not a proposed algorithm for UZ2!
6 <p < 10 M3 & (M4 || M5)
p > 10 M3 & M4 & M5
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B) — utu~ D° - ptu~ K) — ptu~ B — Jly(u*p™) p(K*K™)
S . 1-¢€ 1-¢ 1-¢ 1-€ 1-€ 1-¢ 1-€ 1-¢
cenarto (MWPC) | CuRwell) | (MWPC) | (uRwell)| (MWPC) | CuRwell)| (MWPC) | (uRwell)
HCAL
SHIELD
w/o0 M2

e The simulated event 1s considered lost if one+ muon does not pass the isMuon selection

e M2 removal seems more effective than the shielding in mitigating the deadtime inefficiency, but the
misID must be kept under control
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Logical pads fired by
muons with E > 3GeV

e No U2 simulation available — emulate the 1increased
occupancy by superimposing minbias data to J/iy — utu- . |

] ] . .. Logical pads fired by

(muonID) or D' — K=zt (misID) simulated events e Background hit composition muons with E < 3GeV

1S 1nspected via low-

e Superimpose 25 minbias events from data (PU=1.5) to Logical pads fired by

each simulated event (PU=2) to emulate PU=40 energy simulation electrons
0) — Logical pads fired by
D g K J'E+ I other particle
3 oo "Bl N
3 _- 1] Illlri
0.05 1 vy MC18 <nhits>=141 L - T m =
H | - g i T |
i L
0.2 m By | i
| : RN
B o || P oy e
o15E MC18 + 25*MB events I |
A5 . . O it -mdjcﬁ%é'm
B € <nh1ts>=3290 s e
- / el - JEL P
0.1— . T P "W .l
C i 0 .
f ; . iy
0.05— i / it i [0 4 .
C 1
O:I | | J | | | | | | | | | | | | | | | | MZ FOI
0 1000 2000 3000 4000 5000

nhits
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D? : spatial residuals

72 ¢ including hit correlations &
multiple scattering

— more details in the backup

[JINST 15 (2020) T12005]

lgmm———r——— 777

corr

background rejection
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4+ LHCDb
8; 20 GeV =p <40 GeV
01k 0.8 GeV < P, < 1.4 GeV
09 092 094 09 _ 098 1

signal efficiency

muon vs protons after 1isMuon
2016 data with <nPV>=3

e Muon track from J/iw— u*u=, pion track from D° - K=z* MC after 1isMuon

— y2.. still doing its job with U2 occupancy!

0.1

0.08

0.06

0.04

0.02

e To cope with the higher misID in Run 3 wrt Run 2, we developed the
2. algorithm: how does it perform on U2 data?

4

H—=H

htemp

Entries 4353
Mean 2.893
Std Dev 1.858

T — U
IL_I_J I B
2 4 6
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https://arxiv.org/abs/2008.01579

isMuon
1sMuon
isMuon

isMuon Chi2<7 . . : - . . w@ .

isMuon Chi2<7 : : : : : : e by : i loose y* cut:
isMuon Chi2<7 . : : : ; ; R . not bad
isMuon Chi2<7 |

isMuon Chi2<2 . . : : : : ’ﬁ - - | Pu:rdtxz cut:

1sMuon &b Lhic<s close to Run 2 misID
isMuon Chi2<?2

isMuon && Chi2<2 _ _ _ _ _ _ | 1.95 +— 0.30 % but loose some muons

e Can reduce the background by a factor 3-5 with negligible efficiency loss ( ), or achieve ~15x
reduction with order 10% muon loss ( ). Encouraging results for future algorithms!

e We’re considering muon-only information: global PID will perform better

e No shielding 1s being considered: will ~halve the R1-R2 rate — this roughly means halving the misID but
the physics needs to be fully simulated
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e M1sID 1s also tested on U2 environment from the superposition of 2016 TurCal events
e Jiw—utu~, D'V = DK zHz" and A — pz~ data, background subtraction via sPlot
e Working point for this study:
e p> 10 GeV (always 4 station coincidence & few decays in flight)
e requiring crossed hits only (no more x,y strip readout at UZ2)
e 1sMuon w 20% smaller FOI

e Result: <muon efficiency>

93.1%, <pion misID> = 14.3 %, <proton misID> = 23.6%
e v> improves the muonID similarly to what seen on MC+MinBias data, but mind the occupancy:

x2< 1 2 3 4 5 6 7 8 9 nocut IS E
: : 0.6—
* Superimposing Muon | 36.0 645 78.0 83.6 86.4 882 89.2 89.9 90.2  91.3 Q " q P HU
. . N |
15 events: ;fﬁmenc e E ‘1' T — U
<N>= 2800 Pion 029 084 1.4 21 28 34 41 47 53 11.0 - #@
misID . ¢
04— H
n 5*;?
| 0.3 * et
x2< 1 2 3 4 5 6 7 8 9 nocut n k;?
. : — e
e Superimposing Muon  37.0 67.8 79.7 854 88.3 895 905 91.1 915  93.1 02— .
O - ",
20 events: g - .,
<N>= 3700 Pion 036 1.2 22 33 43 54 64 73 81 14.3 01— *mwi
misID - *ﬂm ;é;ﬁ%% #%.#A
B | | | | | ] | | | | |
0 1 2
pTBSEV]
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e Muon detector operated with excellent performance for 10+ years, some chambers still suitable for UZ2!

e In the FTDR we concentrated on U2 rate studies, now we are converging towards muonID performance
determination with a pRwell+ MWPC detector

e This aims at finalising the detector layout, namely:
e replace HCAL with a passive shielding
e design additional shielding against low energy background

e M2 removal?
e Promising results are emerging, but full simulation 1s required to optimise the shielding & maximise muonID

performance
e Good results from existing algorithms encourage future developments
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[JINST 15 (2020) T12005]

eIn Run 3, xZ2 increased rate of misID background is expected wrt Run 2, so we developed two new operators:

e The sum of squares of the spatial residuals (D? neglects hit correlations between muon stations:

N 7 _ i 2 i i :
D2 _ E ( closest track + yclosest ytrack
: ad’ ad’
x Yy

=

e The y2 accounts for correlations via a covariance matrix V

Xeorr =07 V67 +6y TV, 6y

background rejection
O O OO O o O o O

which 1s made by the sum of the spatial residuals (on the diagonal) g :
RES 2 - é;
ij — URES,j ORES,j — padl;,y/ vV 12 Z 04
20
and the matrix of MS deviations experienced in the absorbers: g ol
13.6MeV
MS 2
ij — Z (Zj — 2i)(2r — Zi)UMS,i OMS,i — Be (]\/AZi/Xo
2i<Zj,2k p

ey ~glves much better performance on high-multiplicity data on
top of the 1sMuon selection across the whole momentum spectrum

e Even better performance 1s achieved with using MUON
features
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muon Vs protons

O = DLk Loy oo~
ITTTITTTTITTTTITrTT

3GeV =p<6Ge

0.8 GeV = P, < 1.4 GeV

after isMuon
2016 <nPV>=3 data

PR R I T PR T SR [N SN TR SN M W o 0
092 094 096 098 1
signal efficiency

LHCb

= 0GeV =p<10GeV
= 0.8 GeV =p.< 1.4 GeV

o Q
0 O =
TTTT

0.7E
0.6F
05E

= LHCb
0B 0GeV =p <10 GeV
()_15_ 1.4 GeV SpT<2.0 GeV

background rejection

9

PR R I T T PR T TR [N SR TR SN S S TR i W T W (N T T PR T TR [ SR TR SN S S TR
092 094 096 098 1 0o 002 094 096 098 1
signal efficiency signal efficiency

[

background rejection
== =R=R=E=R= ==

R S B TR N e T - N
1

= LHCb
= 20 GeV = p <40 GeV

= 08GeV =p_<14GeV

o

TR R R T SRS S S ST S R TR
9 092 094 096 098 1

signal efficiency
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https://arxiv.org/abs/2008.01579

viuonlb:

B) = utu~

D — utpu”

K) — ptu~

B — Jly(utp™) (KK

Scendario

Momentum
(GeV)

HCAL

3<p<6

1-€&
(MWPC)

1-€
(uRwell)

1-€&
(MWPC)

1-€
(uRwell)

1-€&
(MWPC)

1-€
(uRwell)

1-€&
(MWPC)

1-€
(uRwell)

b<p<10

p>10

TOTAL

SHIELD

3<p<6

b<p<10

p>10

TOTAL

no M2

3<p<6

b<p<10

p>10

TOTAL
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1sMuon
1sMuon
isMuon
isMuon

1sMuon
1sMuon - - : : - : : <
isMuon ' : . . : : : 17.68 +- 1.
isMuon ' : : - : ’ : 7.49 +- 0.98 %
isMuon ' : : - : 2 : 21.02 +- 0.96
1sMuon ' : : ‘ : . : 11.63 +- 0.48

1sMuon
isMuon
isMuon
isMuon
isMuon
1sMuon

e Largest misID increase at U2 1s concentrated at low momentum — the impact 1s channel-dependent
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