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5D calorimetry to probe
Electroweak Symmetry breaking at the HL-LHC

A

i P.Ferreira da Silva (CERN)

| Tuesday 05/02/2018
| 3rd Lisbon mini-school on Particle and Astroparticle Physics
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All results at: http://cern.ch/go/pNj7

January 2018 CMS Prellmlnary
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With the Higgs the standard model is now complete
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Run | discovery behaving like the SM Higgs

- not all couplings are yet measured

- LHC Run 1

- ATLAS and CMS

¢ ATLAS+CMS
------- SM Higgs boson
— [M, €] fit
[ 168% CL
95% CL
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* no coupling is measured to the % level

- still a large room for BSM contributions
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http://dx.doi.org/10.1007/JHEP08(2016)045
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803

With the Higgs the standard model is now incomplete

Corrections to Higgs mass from loops:

un-natural balance with the top quark in the SM

m3; ~ (125 GeV)
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= part of the clues are in the Higgs self-interaction and m




Tracing back from the early universe |

5
* A phase transition should occur for Tew (~10-19s after the big bang)
- strong first order transition is possible if <dpc>> Tew
+in the SM this favours my<80 GeV but experimental evidence contradicts this
mH~125 GeV is observed and cosmological remnants from the electroweak epoch exist
= new physics coupling to H at the TeV scale?! additional Higgs bosons?
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https://arxiv.org/pdf/hep-ph/9603208.pdf

Tracing back from the early universe Il
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Running A and my to the Planck scale : some tension regarding the vacuum stability

experimentally 6My ~100 MeV is within reach (! 0x smaller than theory prediction)

how far can we get in the experimental sources: top quark mass and as?



Testing the Higgs potential at the LHC

* Low cross sections for double Higgs production (<40 fb)
non-trivial backgrounds and competition with (y¢)? processes
nevertheless new physics may be contributing to it (new resonances, “low energy” tails)

Run 2 data testing O(20-30)x the SM expectations for triple H couplings

CMS Preliminary 35.9 fb' (13 TeV)
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https://cds.cern.ch/record/2273383/files/HIG-17-008-pas.pdf

Higgs couplings reach: prospects

CMS Projection
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https://cds.cern.ch/record/2020886/files/LHCC-P-008.pdf
http://cds.cern.ch/record/2266165?ln=en

LHC is a collider designed to test EWWSB
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- Initially designed to uncover what happens at the TeV energy scale:

ensure coverage to produce a Higgs boson candidate
maximal sensitivity below WWV threshold

favoured by indirect fits pre-LHC, confirmed in 2012

* Is it the SM Higgs? something should happen in polarized boson-boson scattering

N<I TeV Ng>1 TeV
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Boson scattering and anomalous couplings

- Boson scattering topologies are sensitive to anomalous couplings

triple and quartic gauge couplings enter in the diagrams

typical t-channel signature: L\t = (qrZ — qf)2 = —2@”@}4 (1 — COS 9) = An>1 I

= coverage in the forward region is crucial

t
35.91b" (13 TeV)
= T T T 1 T T T T T T
f CMS ——Data Coupling Exp. Obs.
210 B ZZj EW 14 o
qc) : Boo - 27 f fro/\ [-0.53,0.51] [-0.46,0.44]
|_|>_| i [gq —ZZ 1 /At [-0.72,0.71] [-0.61,0.61]
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P ": find details on fti in arXiv:hep-ph/06061 18
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https://arxiv.org/abs/1708.02812
https://arxiv.org/abs/hep-ph/0606118

Limits on quartic gauge couplings _
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+  Extensive summaries of triple, quartic gauge couplings available @
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

But are we already supposed to be testing anomalous couplings?

12
* Note: unitarity bounds are however strict on possible new physics contributions
decomposing the amplitude in partial waves (S, P, etc.)
o0
A =167 Z(Ql + 1) P(cos 0)a,
[=0
contributions to each wave are therefore limited to
16T — | A 1
0O = — 2(21 + 1)’(1.-1|2 & > 0 = 71III [A(Q = 0)] Coupling Exp. Obs.
S : S
(=0 optical theorem fro/A* [-0.53,051] [-0.46,0.44]
. fri/\4 [-0.72,0.71] [-0.61,0.61]
N
R 1 fral A4 [-1.4,1.4] [-1.2,1.2]
‘ 'e(a‘l) ‘ < § 1 frane [-0.99,0.99] [-0.84,0.84]
- J
fro/\4 [-2.1,2.1] [-1.8,1.8]

unitarity bounds ~2-3 TeV
(~ 104 smaller than current limits)

= (much) more data is needed


https://arxiv.org/abs/hep-ph/0606118

Higgs as a portal
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Still a (experimental) large room for invisible Higgs decays: BR<0.24 @ 95%CL
- significant changes in this BR could be due to new neutral particles : dark matter?
It may also be that the Higgs sector is more complex and accompanied by partners
*  resonant associated (VH) and hh production, high-mass diboson resonances, ....
49" (7 TeV)+19.7 b (8 TeV) + 2.3 fb™" (13 TeV) CMS 35.9 fb™ (13 TeV)
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---- Expected 95% CL excl. Expected +2¢



http://arxiv.org/abs/1707.02909
http://dx.doi.org/10.1007/JHEP02(2017)135

Dark matter and Higgs
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* The limits on the invisible BR of the Higgs can be re-casted to limits dark matter production

Ugl—N 431' in2v 1S ‘
m3,v2B (M, + my)?
1 16T iy M2 mfR
N B, — AN, + T2ME) (M )’
R
mpv? B3 (My +mx)?

mnN - nucleon mass ~0.939 GeV
v=246/+/2 GeV (vev)
fn~0.326 central value for coupling (from lattice*)

ﬁ = \/1 —4M%/mH2-
Finv = ['sm BRinv/( | -BRinV)

*PRD 8/(2010) 014503, PRL 103(2009) 122002
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https://arxiv.org/abs/1603.04156
https://arxiv.org/abs/1708.09624
http://dx.doi.org/10.1007/JHEP02(2017)135

Outstanding questions

¢ mlddle Of LHC Run 2 composition:WIMP sterile neutrinos, axions, other

Electroweak symmetry breaking hidden sector particles, ...
* one type or more !

- only gravitational or other interactions !

- why 3 families ?
* masses and mixing
» CP violation in the lepton sector
* matter and antimatter asymmetry
‘baryon and charged lepton number violation

* V masses, their origin - H(125) role?
* Majorana or Dirac ?
- CP violation
- additional species!?
- sterile v ?

- how is gravity connected with the other forces ?
- do forces unify at high energy !

- primordial: is inflation correct ? which (scalar) fields? role of quantum gravity?

adapted. from » today: dark energy (why is /A so small?) or gravity modification ?
I. Shipsey @ ICHEP2016
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Road ahead for detector upgrades
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L=1035cm-2s-!

3
" L=1032cm-2s-! | |
140 pileup events super-imposed

HIPIT Xl Consolidate detectors, address operational issues, prepare for high pileup
2013-2014 o complete muon coverage, improve muon trigger, new smaller radius beam pipes
Replace HCAL forward PMTs and outer HPD — SiPM

Jir-0 . Maintain / improve performance at high pileup
CIEUES . new pixels, HCAL SiPMs, electronics, and LI-Trigger

JveuT® Maintain / improve performance at extreme pileup : sustain rate + radiation doses

AERPIVEE - New inner detector, new calorimeter electronics, muon extension, trigger and DAQ upgrade

track trigger, replace endcap calorimeters



Detector strategies to mitigate pileup

at HL-LHC
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Use fine granular detectors

transverse: reduce flux per calorimeter cell, resolve fine structures

longitudinal: absorb low energy pileup in the first layers

3D reconstruction+timing: associate deposits to primary vertices

Geant4 simulation ---2mm air gap 4mm air gap

II]II]IIIIIII
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= up to 20% larger uncertainty in cross section

my, (GeV) ¢_ relative to S2 (GeV)



https://cds.cern.ch/record/2020886/files/LHCC-P-008.pdf
http://cds.cern.ch/record/2266165?ln=en

Particle flow as the reconstruction backbone
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Particle flow algorithms benefit from larger B.R

HCAL
Clusters

well separated tracks
reconstruct conversions, nuclear interactions,V? decays

easier to link with calorimeter deposits

dedicated calibrations from identified 11",K9, e, 7, U




Particle flow performance
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«  >80% of the jet components are reconstructed using high resolution detectors

° tracking: Tt",K* and other charged hadrons are approximately O(60%)

- ECAL: by isospin symmetry TT—yy contribute in second place with O(20%)

CMS

19.7 b (8 TeV)
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https://arxiv.org/abs/1706.04965
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High Granularity Calorimeter

ing calorimeter with high lateral/longitudinal segmentation

A dense/compact sampl

i sensors (=3x CMS tracker area) + 480m?2 of Scintillator

S
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Towards fine-grained particle flow at high pileup
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Arbitrary units
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- Promising capabilities

track-like reconstruction + resolution = linking

spatial separation = feature extraction

~

_/




Towards fine-grained particle flow at high pileup
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Tracks and clusters clearly

|40PU LN,
"N Ly / identifiable by eye throughout
\ S S most of detector.

the |on itudinal showerfoorprint

CMS., | CMg Experiment at (AC, CERN
Y12, Data recorded: Thu Jan 1.01 00:00 1970 CEST

Run/Event: 1 /110 o &
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: e pattern recognition

topology

high pT jet
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Particle flow will naturally evolve towards the usage of machine learning algorithms.
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Usage of time information
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. CMS Simulation <u> = 200 S :
S 0|, prmmnee =
———— 4D Tracks B
0.4 . , * . —
o2l WM
g Ry z
oF oy Mg @‘ flﬁ’"ﬁ E ot=(z+zo)/c - 0z/z
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e T e S 2
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_ 81282 vs MCP e 50 GeV 4 X,
% —— Si133 um

mean
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101
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https://doi.org/10.101 6/j.nima.2(|) 17.03.065;
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Single Si sensors
can do it!
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https://doi.org/10.1016/j.nima.2017.03.065

Module design

25

> Compression
HGCROCs b connector

Linear voltage ™ & 7"

regulators e
432ch module PCB layout *  6” module prototype before wirebonding
- oblong holes are used for wirebonding *  readout with SKIROC2-CMS FE chips

 used in beam tests



Rationale behind sensor/module design

Hexagonal 8” sensors with DC-coupled pads

- maximise available wafer area

Hexaboard

- reduce number of sensors produced / assembled

Sensor

- @ vs ®cells factor ~ |.3 Kapton sheet

8’ vs 6” sensors factor ~1.8
Cu/W Base plate

¢ dd-FZ p-on-n 600 V ®  dd-FZ p-on-n 800 V dd-FZ n-on-p 600 V
Var'ying sensor thickness A dd-FZ n-on-p 800 V ¥  Epi 100 n-on-p 600 V +  Epi 50 p-on-n 300 V
® Epi 50 n-on-p 300 V
. . T T TTTTT
- only small effect on resolution (stochastic) ~ dd-FZ 320 (298-291 um)
- g
20
*dictated by n fluence, for optimal performance - 44-FZ 200 (228-209m)
) ~ - .
~x 15— E
© - , -
c ~ | lf dd-FZ 120 (145-131um)
& 10 | : AR
%) - : i
B . g _Epi 100 (96m)
5 4 x ;Epi 50 (49um)
v
B .H;
0 : 15 16
10 10

2
Fluence, nec/cm



Prototyping examples: Si sensors available for testing

27

HPK, 8” Novati, half 6”’

- Hamamatsu (HPK), Japan + Infineon (IFX), Austria *  Novati, US
~200 6” used for beam tests - 6”7 (n-type) and 8” (p-type) © 6" half sensors on 8” wafers
production for CMS tracker
several 6” with different - 8" sensors in production
diffusion techniques, - 25 8" p-type prototypes
thicknesses, n and p-types, - R
geometries, p-stop options 'Sensor testing for HGCAL on-going at CERN, |

| HEPHY (Vienna), Fermilab (US)

first 15 8” prototypes

Aim for close-to-final desigh by Summer 2018




Setup at CERN for sensor testing _

» Tests have been made so far with a manual probe station

- single/multi-point needle measurements
- dedicated probe-cards + switch card

- irradiation tests to be done this year

- LabView / python-based DAQ (GPIB)

EDA-03518-V1-0

HGC Sensor 512
Channels - Switching
Matrix:

Top View.

switchcard



Readout |
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HGCROC: 78 ch (1.4mWich) ~ [ Zdccormelosk

cells

“, —

Local R/W Control
channels +
> Fixed latency \
9 Manager >

<20ns shaping \ L1 Buffer Data
o : : o 1 - = Data
<20% leakage to next bx crossing \Q% Al | Ly b e =P readout X
‘ S @ 40 MHz manager
Buffer 1 |/
1 Obit I / Trigger cells \\
up to 100-15 OfC - Linearization ~_
preserve MIP peak for calibration s
* . Truncation Trigger
- & Digital / Trigger
Gam. » o—» 3 —PCompression# readout
Correction § for9) / manager
or
1.98 < n< 2.02 : 0-suppress
L e
80000 | - \ | /
i Layer 6 - N
70000} ) .
i Noise = 0.20 MIPs ] S~ % e
60000 | : - ‘ ‘ v/ N N
: Ny, = 1091289
50000 [
- MPV = 1.008 + 0.001
40000}
30000:‘
20000}
10000 |
3 layer MIP-tracking

4 4.5 * <3% inter-calibration unc.
E(mips) = 50M events O(min) at SIN~2.5



Readout |l
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HGCROC: 78 ch (1.4mWiIch) L1 decoding logic

Local R/W Control

Fixed latency \ +

Manager

| 2bit
50fC-10pC
(50ps binning)

Data

L1 Buffer
. Data
- —> suppress # readout

@ 40 MHz manager

time-of-arrival through 10b TDC |
for g>12fC (25ps binning) e

L L L L L B NN L { / . N

0.08
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g B Fl ] Trigger cells
L uence: = Linearization
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Conclusions

31

- Still a long way to complete the LHC Physics Programme
cherry-picked some favourite examples on electroweak symmetry breaking
Higgs (self-)couplings, vector boson scattering and anomalous couplings

but much more to explore ahead

* Detectors must be upgraded to step up with the increase in luminosity
higher radiation doses, up to 200 simultaneous pileup interactions
particle flow reconstruction driving the design of the upgraded CMS detector

HGCal providing the maximum information possible (E, x, t) using ~585m?2 of Si sensors

* Plenty of opportunities ahead: phenomenology, analysis, detector development!
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Collisions at the LHC: a summary

33

1034 cm-2s-! luminosity
2835 Bunches/beam
10! protons/bunch

<« >
7.5m (25 ns)

—

, :7 TeV Proton Proton
colliding beams

0 ° Bunch Crossing 4 10" Hz
. . o
é’s Proton Collisions  10°Hz

v

Parton Collisions

New Particle Production scan down to <10-5 Hz
(Higgs, SUSY, ....)

Need to select | / 103 events produced and reject pileup!



Sensor characteristics for ECAL/HCAL 3

4

CE-E

CE-H

Active thickness ( um) 300 200 120
Area (m?) 245 181 72
Largest lifetime dose (Mrad) 3 20 100
Largest lifetime fluence (neq/ em?) | 0.5x10"° | 2.5x10% | 7x10"°
Largest outer radius (cm) ~180 ~100 ~/70
Smallest inner radius (cm) ~100 70 ~35
Cell size (cm?) 1.18 1.18 0.52
Initial S/ N for MIP 11 6 45
Smallest S/ N(MIP) after 3000fb~" | 4.7 2.3 2.2
Scintillator Si Si
Sensor thickness 3mm 300 gm | 200 pm
Area (m?) 480 71 15
Largest lifetime dose (Mrad) <0.3 30 100
Largest lifetime fluence (neq/ cm?) 8x10 | 5x10™ | 2.5x10"°
Largest outer radius (cm) ~235 [ =160 ~100
Smallest inner radius (cm) ~90 ~80 ~45
Cell size (cm?) 2x2to 1.18 1.18
55 x 5.5
Initial S/ N for a MIP >5 11 6
Smallest S/ N(MIP) after 3000 fb~" 5 47 2.3




Project timeline and milestones

HGCAL 24-11-17

TDR

EDR

[
. |SiSensors
N

SiPMs

|FE ASICS
/' - =

[

. |Si Modules

Tileboards

|Cassettes: Si & Mixed

IMechanics CE-H

CE-E

IBack-End TPG & DAQ Electronics

|Cooling

|[Power supplies

Lowering

JHGCAL1

[HGcAL2

Design /proto/ order
Final validation
Pre-production
Procurement/production
assembly /integration

on surface

Test on surface

Installation




Sensor desigh parameters and layout optimisation
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Cells are centred on uniform grid across detector
- geometry is fully determined by very few parameters Rw
- TCAD package used to verify optimal design of the sensor o . d
SS
Fmb
Small interpad capacitance expected (<5 pF)
* simulation with two diodes with 5um metal overhang
- other features being studied: p-stop type, inter-pad gap,
dimensions between edge implant floating or grounded guard
ring, etc. 120 — 7 - o
Pij Area gGap | ; Pad Area ﬁor Thickness| |
0.52 cm? 20 um ) B 052cm? 120 um
—~ 100 - O 1.18cn?| [ 40 pm| 7 64 O 1.18 cm? |l 200 pm
B 60 um| . 5 B 300 pm

(0]
o

I R
]

1SN
o
1 "
n
n
u
1

Capacitance (p
3
Interpad Capacitance (pF)
w

Ts 21
| §E .E;E;‘§‘ -
20 - . "
T T T T T T 0 T v T T T T T T T
100 150 200 250 300 20 30 40 50 60

Sensor Thickness (um) Pad Gap (um)



Sensor characterisation

37

* Measure |-V and C-V curves for the prototype sensors

interpad capacitance and resistance

noise, charge collection efficiency

Measurement Contact Procedure Pros Cons
Time consuming,
Bias cell under test . n Itage
Needle s ee Flexible A
+ direct neighbours applied to most
pads
Dedicated
Bias all pads and : robecard per
S alp All pads biased P PEL
switch channel sensor, parasitic
Probe-card Mocks-up real

under test with
dedicated card

operation

capacitances,
initial alignment
(when manual)




Example of detailed characterisation a sensor
3

8

o5 128 B 6T B gy

Characterisation of selected cells through needle measurements JIOVOOOOSOV\

* open correction derived without bias on central cell (~50pF) 100000880088V 0\
* |-V curves show a peak and shoulder effect (also observed inVienna) =« @®@@@@OB@® = = = v = » w ws

177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192

¢ Cz87 PF Vdepzzov and dz I |5 um 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207
using point of max. curvature as initial estimate of Vdep and ¥ AN AN A A AN A
d=€,&:A/C ignoring additional contributions to C e o w0 m m

0 92 — 145
HPK_8in_256ch 3002_Needle channel ”
~10 - 90 1 - 140
o
W
s 88 - Q.
E —20 135 g
5 S
= 861 =
=5 —30 -130
O Ng
HPK_8in_271ch 3002_Needle channel )
- - - ~
e 126 e 130 84 1 .
-40{ e 127 e 131 - 125
e 128 e 132
e 129 e 133 : 821
-50 T — T T T :l T T T T T 120
-1000 -800 -600 —-400 -200 0 —-200 —150 —100 -50 0

Voltage[V] Voltage[V]
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Leakage current examples @ 1kV

87 271ch

239ch

6”

6” 135ch

320Um
float zone, standard diff.

120pum
epitaxial growth

120pum
float zone, deep diff.

©
<

u-ui-d

Investigate dependence on
growth, thickness, diffusion

technique, n/p-type, p-stop

type, position in the wafer,
time, interpad distance,

batch, irradiation ...
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Leakage current examples @ 1kV

87 271ch

6” 239ch

6” 135ch

120pum
epitaxial growth

120pum

float zone, deep diff.

320Um
float zone, standard diff.

Investigate dependence on

growth, thickness, diffusion

technique, n/p-type, p-stop
type, position in the wafer,
time, interpad distance,

batch, irradiation ...




Readout llI
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HGCROC: 78 ch (1.4mWich L1 decoding logic I'4-4 Gbls
78 ch (1.4mWich) J (e-link to motherboard)
N channels Local R/W Control
TOT |—p Fixed latency _>\ +
— Data
L1 Buffer -
Align zero
> ADC > Buffer [ > —> suppress readout
@ 40 MHz manager
> TOA || Alen |
Buffer |/
8 bit sum up 4 to 9 — oo -ocoocc oo S opoc
cell energies { Y rgger cell
up to | 6bx latency Linearization | |
TOT/ ADC '
v . Truncation Trigger
0 Digital / § | Trigger
Gain - .
. o—» 3 —» Compression ™ readout
Correction < / manaver
2 (4o0r9) g
0-suppress

80% module

IPLIL// 1D LIL DAC 1 DAC 2 Slow Control/ I12C Bandgap cooling plate
- half module
Time measurement
e-links ToT threshold || ToA threshold ASIC parameters Voltage References odule

300 pm
mounting sensors

screws/spacers

ﬁ motherboard

200 um
sensors

120 um
sensors



