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CMS Upgrade and Perspectives

Getting ready for 13 TeV: Vienna workshop on jets and
mlssmg energy, 25-27 August 2014
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Outline

1. The present CMS detector

2. LHC present and future performance
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3. Consequences for CMS

4. Upgrade of the inner tracker

5. Upgrading forward calorimetry

6. Muon forward upgrade

Emphasis on high-

/. Summary luminosity LHC (>2025)
requiring substantial
detector upgrades!




CMS, . [CMS coll.:
- Compact Muon Solenoid (CMS)  ixsT3 (2008), no. 508004]

=8 Emphasis on electron and photon energy measurement,
full silicon tracker providing high momentum resolution

rspectives

ECAL energy deposit :
SUPERCONDUCTING CALORIMETERS | oe/E = 2.9%//E(6eV) @ 05%

COIL ECAL HCAL e
=== Scintillating

Plastic scintillator/brass
sandwich

IRON YOKE

Tracking :
o,r/pT % 1.5 107 pr(GeV) @ 0.5%

TRACKEB////

Silicon Microstrips
Pixels

., fibers

Muons (tracker + muon system) :

Overall length: 28.7 m o,1/pt % 5% for 1 TeV muons

Overall diameter: 150 m MUON BARREL ENDCAPS
Totdl W.EI%C}?TI;I%OOO fons Drift Tube Resistive Plate Cathode Strip Chambers (¢SC)
Magnetic field: 3.8 T Chambers (DT) Chambers (RPC)  Resistive Plate Chambers (RPG )



> LHC performance

For LHC phase-2 increase

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

LHC very successful : g luminosity. Consequences
up to now! . for detectors:

Run-1 provided —> Higher rates would imply
30 fb! of high increased trigger
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quality data o thresholds w/o upgrade
~200 publications e — ot —> Detector ageing
e - More bandwidth needed

Phase-1 _  HL-LHC
Ecm [TeV] 8 > 13 137 13?
L [cm-2s-1] 7x1033 s}j < 2x1034 <2.5x1034 ~ 5x1034
PU  ~21 ; < 50| <70 < 140
[LdE[fb-1]  ~30 g <120 <500 <3000
. .. [2012201320142015[201620172018[2015)202012021/20222023[20242025] +10
LS 1 . LS 2 LS 3




LHC performance

For LHC phase-2 increase
luminosity. Consequences

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

Ly
LHC very successful - — e ;fg
up to now! - for detectors: =
Run-1 provided — Higher rates would imply % %
30 fb! of high increased trigger £
quality data thresholds w/o upgrade =g
~200 publications S oF i —> Detector ageing
e -~ More bandwidth needed
Phase-1 —  HL-LHC
Ecm [TeV] 8 ~ 13 137 13?
L [cm-2s-1] 7x1033 E < 2x1034 < 2.5x1034 ~ 5x1034
PU ~21 : < 50| <70 < 140
[L.dt[fb-1]  ~30 £ <120 <500 <3000
. .. [201220132201420152016[20171201812015)2020120212022]2023120242025[ +10
LS 1 -~ LS 2 LS 3

HL gives access to rare processes and allows precision measurements.




2 LHC performance

For LHC phase-2 increase
luminosity. Consequences

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

LHC very successful ¢ [S|— e 5
up to now! for detectors: s 8
. . . o5
Run-1 provided —> Higher rates would imply B
30 fb1 of high increased trigger £
quality data thresholds w/o upgrade =g
~200 publications S oF i — Detector ageing
e -~ More bandwidth needed
Phase-1 —  HL-LHC
Ecm [TeV] 8 ~ 13 137 13?
L [cm-2s-1] 7x1033 - < 2x1034 < 2.5x1034 ~ 5x1034
PU ~21 ¢ < 50| <70 < 140
L=
jLdt[fb-1]  ~30 < <120 <500 < 3000
. .. [201220132201420152016[20171201812015)2020120212022]2023120242025[ +10
LS 1 -~ LS 2 LS 3

Higher luminosity results in more pile-up (PU) in detectors.




2 25 Vertices in 2012 >
140 Vertices in 2025

All Particles
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FLUKA geamory v7.09 Zleml Anticipated flux at HL-LHC

Radiation six times higher than nominal LHC design

By ~2025 detectors are operational for ~20 years. Built in
technology from ~30 years ago (in particular electronics and

computing) [ g }

— Redesign electronics, trigger and DAQ




Detector will age and
performance deteriorate
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Simulation
L 50 GeV e-

-
Q
T

5| |—— 1017, 5E+33 em™s"
10 E | ——— 100", 1E+34 cms™
r | —— 500 b, 2E+34 cm™s™
- 1000 b, 5E+34 cm s
| ——2000 fb", 5SE+34 cm s
- | ——— 3000 fb", 5E+34 cm s

Relative light output

-3 L L L L | L L L L | L L L L
10 1.5 2 25 3

-
Many high rate testbeam campaigns,
aging projections and simulations

- Need to replace tracker and
forward detectors with radhard
material

Rate (Hz/cm®)
L=

Consequences

Higher rates, in
particular in
the forward

Vs =8 TeV

= Endcap

Barrel+Endcap

I e
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Instantaneous luminosity (10°" em? &)
RPC backgroound rates vs luminosity

Triggers need to stay efficient
(MHz—>kHz). Keep trigger
thresholds low for Higgs and
particles from cascade decays

—> Finer granularity detectors and
larger trigger bandwidth
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During LS1

Upgrades 2013/14 ongoing
* Completes muon coverage (ME4)

* Improve muon operation (ME1), DT
electronics

* Replace HCAL photo-detectors in
Forward (new PMTs) and Outer
(HPD->SiPM)

 DAQ1 - DAQ2

{ Upgrades Activities-Overview
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LS1

During LS2

Phase 1 Upgrades 2018/19 (TDRs)

* New Pixels, HCAL electronics and L1-Trigger
e GE1/1 under cost review

* Preparatory work during LS1

New beam pipe

Install test slices (Pixel cooling, HCAL, L1-
trigger)

Install ECAL optical splitters (L1-trigger
upgrade)

S, SN
i i

During LS2

Phase 2: 2023-2025 now being defined

* Tracker Replacement, Track Trigger

e Forward : Calorimetry and Muons and
tracking

e Further Trigger and DAQ upgrade

-> THIS TALK
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Increase L1 Trigger latency 3.4 ps = 12.5 ps
& L1 Trigger rate 100 kHz = 750 kHz

* New readout electronics, including sub-
detectors that will not be replaced (ECAL
barrel, muon)

do

8 0.05

The trigger challenge: keep the thresholds at 5x
higher PU. Sharpen turn-on curves and reduce
fake triggers. Tools:

* Single ECAL crystal readout improves track
matching, spike rejection (noise) and timing
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Increase L1 Trigger latency 3.4 ps = 12.5 ps szj:if—

& L1 Trigger rate 100 kHz > 750 kHz -

* New readout electronics, including sub- o .
detectors that will not be replaced (ECAL vk ..
barrel, muon) N .
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The trigger challenge: keep the thresholds at 5x
higher PU. Sharpen turn-on curves and reduce View from fhe top of the GV Jown

. Not to scale =
fake triggers. Tools: == =
magnetic g ﬁ
* Single ECAL crystal readout improves track field B “-[ — 2 LJ
matching, spike rejection (noise) and timing : |
i ...-"""':'r:_ _'I_;g T
* Additional muon detectors (GE1/1) enable DL—— —
. o =b GeVt i
measurement of bending angle in forward :
. . .. Al
region = reduce mis-measurement ot muons eriving LI, L r
k by the magentic field i L 4;”_' o
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Increase L1 Trigger latency 3.4 ps = 12.5 ps
& L1 Trigger rate 100 kHz = 750 kHz

* New readout electronics, including sub-
detectors that will not be replaced (ECAL
barrel, muon)

I Phase-2, <PU>=140 Cx=25, Single Eleciion u = 0.000119
U ¢ = 0.000891
d o nn = 0.003861
a_ge = D.003440
a_ng = 0.005408
3005k
0.04
0.03f- am
o0z
0.01— -
E - "
o
0.01
0.02F L =
0.03 -
u
0.04
| u | |
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The trigger challenge: keep the thresholds at 5x

higher PU. Sharpen turn-on curves and reduce
fake triggers. Tools:

* Single ECAL crystal readout improves track
matching, spike rejection (noise) and timing

» Additional muon detectors (GE1/1) enable
measurement of bending angle in forward
region = reduce mis-measurement

* Tracking information at L1 (tracking trigger)

View from the top of the CMS down
GEM

Mot to scale JEE CSC
magnetic | ‘g :g ——
fileldB - ==
—
Haf::ﬁiﬂ;;rrmr1|
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s
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soft muons arriving to| |
YE-1/1 from IP are “bent”
by the magentic field
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~ Present to Upgraded Tracker

0.1 03 05 0. ) : LS
CMS Si Tracker today |/ / /

Current & Phasel: Planar pixels 1000 - e i,
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CMS Si Tracker as it could be in 2025 n-_" ...... ....... ...... ...... - - ....... ...... ......
0

Outer Tracker, new Pt modules
3 more Pixelated layers

Ly
5 more Pixelated disks ErE
o WUUU':: ___________
Strip/Strip modulesSs ~ — ,—
in outer layers ———————————
- 600 —
Macro Pixel/Strip modules PS __ m:'_; ““““““
in inner layers (z-measurement)| T TEEEEEE
Pixel modules, new Disks to n:4<{ m;] | }I N
y p— [ \

Possible pixel size ~25x100um?
Planar or 3D?
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Lighten up: DC-DC powering scheme, CO,
cooling, low mass assemblies, reduced

=
=<

material within tracker volume, thinner sensors

* Physics gain: improved track p; resolution.
Reduced rate of y conversions.

5 (3 p,/p,) %]

1.5

0.5

¢ Upgraded Tracker: Lighter,
= Smarter, Better (acceptance)

Material Budget
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& Upgraded Tracker: Lighter,
== Smarter, Better (acceptance)

<
S
g w
2 2
Q O
. ] Material Budget g é
Lighten up: DC-DC powering scheme, CO, 227 e | I
cooling, low mass assemblies, reduced 1.8 Py g
material within tracker volume, thinner sensors 1 ""ase X
. £
* Physics gain: improved track p; resolution. s Phase 2* 28
Reduced rate of y conversions. ol
o e P
. 0.2~
Larger coverage extend pixel acceptance QSSTTININEENTER
to |m|~4.0. n
* Physics gain: Reduces fake jets due to PU for .
VBF physics. Allows to separate signal jets FUpgrade (tkLayout) .

- Current CMS (CMS simulation) .

5 (p,/p,)[%]

(primary vertex) from PU jets.

Smart track trigger Including tracking ra S
information at L1 trigger L e -
* Physics gain: helps controlling the rate, 0_5;,___.-"‘" ==

trigger thresholds can stay moderate CMs Preliminary

B 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1
O 0.5 1 7.5 2 25
n




' Phase-II Tracking Trigger

Objective: reconstruct all tracks with p;>2 GeV at B=3.8T
trigger level. Identify primary vertex along beam
line with ¥1mm precision. “stub” pass fail

Vienna JetMET workshop Aug 2014
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Conceptual design: to implement tracks in
hardware trigger (40 MHz)

* Correlate hits in two closely-spaced sensors to
provide vector (“stub”) in transverse plane: angle

V

is a measure Of pT CMS Phase 2 Simulation Preliminary, PU=140@25 nsec
* Exploit the strong magnetic field of CMS & —
U $ L
4 e It p“'9> 20 GeV
PhySICS benEflt' L1Mu(Run1conﬁguratlon,ME1aunganged}

- 0 <n[<1.1(Qz4)
e B 1050222 Q2 4)

L1TrkMu (Phase2: muon hits in 2+ stations)
T [-e= 0 <yl<1a
| -8 112 || £2.2

* Threshold can stay roughly at present level o4
Sharp trigger turn on

0.2

LI I ) Y B B
||||||||||||||||II

MﬁLmllllj]l||J‘||||J‘||||j||||J‘||||
0 st 25 0 3 4 45 50

Simulated muon p, [GeV]




Provides critical benefits for Higgs, SUSY and

VBF programs

* Pileup mitigation:
correcting/removing jets with
tracks from pileup vertices

* Vector Boson Fusion:

Remove pileup jets leading to
wrongly-calculated rapidity gap

Improved g/g identification
* SUSY cascade decays with
multiple leptons in final state

All needed for kinematic
reconstruction

“Lost lepton” one of the major
backgrounds

q q

CMS Simulation, {2 = 14 TeV, L = 3000 fb™

%

Number of jets

2

— Phasge Il Conf3, <PU>=140
— Phase |l Confd, <PU>=140

&

4 2 0 2z 4
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s Calorimeters

At present PbWO, crystals in ECAL barrel and

scintillator-tile HCAL. g L | CMS ECAL |
[ ] H ]
Active detectors can stay in barrel whererad 3
)
. . >
damage is less. Electronics needs replacement &w': _. - £
) ) I Simulation
to cope with new trigger rates/latency W [ 50GeVe-
Sio=t 100 T 15494 coen -
e F | — 5{}0[13::,2E+34crn::s:
wfﬁﬂmmﬂrgﬂrulmim CMS protons 7TeV per beam o a3 , | — 1
100 seemetny Dose at 3000.0 [fb™ ] 10735 > 55 3
"
250 CMS Iprt?lilmlipﬁrlgl.' .
- _ l_.
- -(;j 09 i en
T % 5 08 - NN
-4 E 5 OFE- -5 R
T 0.6 response=exp(-Lumilfb” /D) - ‘)
‘g 05 . L . '_ ......
3  11=1.88, D= 284fb Do
§, 0.4 =——1=1.09, D= 2407
‘;0_3_—1]:2_“,[):20&1:‘ Do
% 100 200 300 200 500 500 le+00 £ m—11=2.25. D= 157fb"
Z [em] I §- 0.2 N=2.41, D= 125fb
FLUKA nominal geometry 1.0.0.0 le-01 l__;z" ol ——=2.58.D= “3&: i
Radiation dose strong function of eta. — R I

=

10’ 10° 10°

Variation in forward region by 100. Delivered Int. Luminosity. 5

—1 [t}

S
-
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i
cms, !

Two Scenarios for Forward

Need to replace forward
calorimeters after 500/fb due
to ageing damage

.
=R

I
i

o al()l‘imetry

Scenario 1

Vienna JetMET workshop Aug 2014
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* Maintain present geometry with
ECAL and HCAL stand-alone

ECAL Endcap in Shashlik design
HCAL Endcap re-build as radhard

Opens up possibility to extend to |n|~4 ==




B 4 ] - .
~~ Scenario 1: Shashlik ECAL

Sampling calorimeter w/out depth segmentation, very compact X,~25

* Radhard inorganic scintillator. Best performance with LYSO and tungsten &
brass as absorber

* Light readout with WLS in shashlik configuration
* Readout with GalnP photosensors (radhard due to larger band gap)

Vienna JetMET workshop Aug 2014

(%]
[<Y)
=
+—
(8]
(O]
o
(%]
—
(V)
(a1
©
c
©
[V
©
©
o
oTd]
o
=
(%)
O

1dmm

e W (2.5mm)
y
v LYSO (1.5mm)

T -
......... o
- .

ax WLS fibers ||

* Good energy resolution AE/E = 10%/VE
* Very compact and highest light yield

* Small Moliere radius (14mm) provides fine granularity for pile up
mitigation (matching with tracker)




Two Scenarios for Forward

= Calorimetry

Need to replace forward
calorimeters after 500/fb due

to ageing damage

Scenario 2

* New integrated design as a High
Granularity Calorimeter (HGC)

* Particle flow imaging calorimeter

Open up possibility to extend to |n|~4

Charged ;‘
Hadrons

| Neutral
=" |Hadron
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& | Scenario 2: High-Granularity
= Combined Calorimeter

Chgd;
H

High granularity calorimeter (HGCAL) based on
ILC/CALICE development. Key point: “visualize” energy -..
flow through fine granularity and longitudinal Satay W i
segmentation. Py

Vienna JetMET workshop Aug 2014
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* Good resolving power for single particles in very
dense jets. AE/E = 10%/VE

JJJJJ
PRI T .
¥ =

* Planes of Si separated by layers of Pb/Cu or brass
* Exploits developments on Si rad.hardness and price [

Structure:

* Varying granularity and absorber material
* B(back)-HCAL as HE re-build




< High Granularity Calorimeter

Fine depth segmentation
ECAL: ~33 cm, 25 X,, 1A, 31 layers:
* 11 planes of Si separated by 0.5 X, of lead/Cu
* 10 planes of Si separated by 0.8 X, of lead/Cu
* 10 planes of Si separated by 1.2 X, of lead/Cu
HCAL: ~66 cm, 4A:
* 12 planes of Si separated by 40 mm of brass
- Fine grain pads 0.9 cm? to 1.8 cm?
- 3.7/1.4 Mch & 420/250 m? Si in E/H
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L PCB (multi layers)
Shielding (1600 pm) N
(thickness 500 pm) Silicon wafer
(0.325 mim)

Back HCAL as HE re-build 5A with increased
transverse granularity

Stainless steel
plate (500 um)

Composite part with
metallic inserts

(15 thick)
mm thic L ead absorber

(2000 pim)

Cooling plate
(3000 pm)

Asic packaging (BGA)
(1700 um)

(15 mm thick)



The HE Re-build

Brass and scintillating tiles with
increased radiation hardness

Clear fibers

vl
Clear fiber-WLS fiber Y
SPLICE »

* Higher granularity in (n/¢$) x 2

Tube of
radioactive
source

Vienna JetMET workshop Aug 2014
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* Longitudinal & extension towards
EE Shashlik (resolution) W ber

WLS fibers

Quarts fibers

» Different routing of WLS fibers (in
finger geometry) to reduce light path ,{ ,
(80%) Tl (Scintilator SCSN-81) el

(8 fingers tiles option)

* Investigating new plastic and liquid
scintillators or radiation tolerant
scintillating fibers quartz/glass/
crystals doped with Ce3 for
innermost region




¢| Establish Depth Segmentation
=\ Phase I CMS HCAL Read-Out Upgrades

Replace Photo-transducers to reduce noise & improve

performance. Improve with new FE Chip.
HB/HE/HO HE

From HPD to SiPM’s

From single to multi-anode PMT’s

Vienna JetMET workshop Aug 2014
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SiPM’s to increase HB/HE Depth Segmentation
* |Improved PF Hadronic shower localization
Provides effective tool for PU mitigation at HL

_2 * Mitigate radiation damage to scintillator &
_______________ s T )
r % § WLS flbe I'S | Particle Elow with Depth Segmentation
-:_t- — LN Depth 3 ? S

ﬂ Segmentaﬂon for TDR Depth 2 \C ; — >

“ studies: Depth 1 b/ = = -

" * HB 3 depths ECAL 0/ /0

» [ « HE 5 depths Tracker \| H f /

' ¢ * Subject to further optimization :




% Forward Muon Challenge

CMS Sirnulation Preliminary, PU = 140 @ 25 nsec
II|[III| '! '!llllllllll[llllllllll[llII!IIII

(7]
o

C mg ; ‘ Phase | detector
—P > ISG"-‘V B O Swbs

LM Gtancalone) P e

Challenging rates:

* Forward region |n|>2.0 with rates in 10’s
of kHz/cm? and higher towards higher n

%]
w

[ %]
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* Reduced resolution and longevity issues

L1 Trigger Rate [kHz per 0.05 units in n]
n &

T
[1

* New requirements often exceed L1 muon [n|
capabilities of the existing — 14 TeV

k=) 1.4 CMS Phasell Simulation]

% B p.= 100 GeV/c %

g 1.2 —=— 2023 scenario: PU =0 o

* One place to gain physics acceptance o [ = RoUporaderpi=g o]

S 1 —=— No Upgrade: PU = 140 S

g N - & ]

- ] e

. @ 0.8~ Resolution T -

* Highest background rates yet least S ek - o%Tn ]

redundancy o [ & o 5 Ta ;

< 0.4+ - s o i

3 - = - - -

¢ Challenging B-field topolo R -

eing POIOBY R - A B Y- S B
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Forward Muon Upgrade

Triple GEM detector (GE1/1):
preCiSion Chambers to n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
improve trigger mOmentum 0 ' 843 ,78.6, 7?.1 67.? 62.5 ,§7.5, :‘52.87 _48.4, 443 49.4 , 368 ' ‘ :"2 3:9;5°
selectlw.ty and reconstruction | - [ — Qo
already in late LHC phase-1. “Wheel0 Whee! 1 ' B, ceses
Installation in LS2 (2018).

DTs

|14 27.7°

15 252°

© 1.6 22.8°

|17 207°
1.8 18.8°

| 1.9 17.0°

. 20 154°

| 21 140°
| 22 126°
| 23 115°
- 24 104°
125 94°

| ECAL _
30 57°

1| silicon

. tracker 4! 4D
0 21°
0 WL R oo B e o o W 5.0 0.77°
Station 1

Enhance region without redundancy 1.6 < |n| < 2.4 with maximum rate.
Technology = GEM (GE2/1) and improved high-rate RPC (RE3/1 and RE4/1)




Forward Muon Upgrade

Triple GEM detector (GE1/1):
preCiSion Chambers to n 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0 14
improve trigger momentum o D Y A ... o

selectivity and reconstruction | ;3%3 s e
i RB4 l—— RPCs | 1.3 305°
already in late LHC phase-1.

lready nate LHC phas ol c=a | JIE =
nstaliation In . =
I .

| 1.4 27.7°
RB3
_"R’B{f‘_

15 252°

5 | | - 1.6 22.8°
- | 1.7 207°
Extended coverage provides | = - 18 188
H . r - 1.9 17.0°
muon tag in forward region P Solanok] megnet GE1/1 R PP
| |<3 - . =7 : : I | 21 14.0°
n ] 1 | 22 126°
"@\t / oo Bus
— o j 25 9.4°

Several tens of kHz expected i ~ MEO il -
- GEM technology I i 30 57

I 3::1;::: : m ioffon 3 Station 4:

1 40 2.1°
0 5\‘{\.‘.‘}.‘.‘:1'1’,;" = 3 e S 7 S Sl S8 " 5.0 077°

12 z (m)
Statlon 1

Enhance region without redundancy 1.6 < |n| < 2.4 with maximum rate.
Technology = GEM (GE2/1) and improved high-rate RPC (RE3/1 and RE4/1)
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Else radial B-field and multiple scattering quickly
diminish discrimination
Expect x5-10 rate reduction with new detectors
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=~ Benefit of Extended Acceptance

Considered extension to |n|~ 4.0 provides critical benefits for physics

e.g. H 2 ZZ - 4 (note: lower mass resolution, also increase in bkgr)

'

|
]M‘qu’l“ﬂ Acceptance gain>

18.34 %

11.09 % I

27.43 % %

6.47 %
L1 I |- | | N | | | B rﬁ

2 2.5 3 3.5 4
maximum eta among 4 leptons

H—>ZZ—>4p : acceptance increase
60%->94% if n,,,=2.4—4.0

Events/1.0 GeV

500

400

300

200

100

ChS Simuation 2013 =14 TeV | =30001p"

Phase Il Detector - PU140

[ Conf3H-ZZ -4y
[ ] Confd:H-ZZ'=4p

B Conf3 272 - 4u
I Conf-d 277 - 4u

With upgrade
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Also increased sensitivity for e.g. 2> uu studies (40% to 10% depending

on Z'mass).

SUSY searches benefit from reduction of “lost lepton” background.
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Vienna JetMET workshop Aug 2014




Additional Detectors: Benefit

Additional detectors yield extra hits = Increased efficiency

Vienna JetMET workshop Aug 2014
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Summary

It is time to prepare for LHC high-luminosity
operation in 22025. Expected to record up to
3000/fb of pp data.

Vienna JetMET workshop Aug 2014
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Ageing and radiation damage requires to rebuild
the inner tracker and forward detectors. New
trigger concepts implemented. Larger bandwidth
requires upgrade of electronics.

New detectors designed to cope with high rates,
high pile-up and radiation.




Summary CMS Phase 2 Upgrades

Tracker Muons
* Radiation tolerant - high granularity - less material « Additional detectors |1|>1.6
e Tracks in hardware trigger (L1)

o Coverage Uupton ~ 4 ¢ Muon-taggingupton ~ 3

Endcap Canrim\
e Radiation tole
* Investigate cov:

Barrel ECAL

Trigger/DAQ
e L1 with tracks & up to 1 MHz
* Latency = 10us

e HLT output up to 10 kHz



