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peieenill | HC Run 1 and Run 2 (so f

GGreat success in Run 1...
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... and a strong start to Run 2
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ekl ~Uture physics: Higgs

e Measurements of Higgs will play a big role in
future

e Upgraded LHC is a Higgs factory

» Run 1 ©6(1000) Higgs bosons at LHC

» Upgrade factor 4-10 better measurements than today

»  Millions of events in all production modes
» Access to rare decays of Higgs
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Total Higgs
Bosons

LHC Run 1 660k
HL-LHC, 3000 fb- 170M
VBF (all decays) 13M
ttH (all decays) 1.8M
H— yy 390k
H— Zy 230k
H— 37k
H—-J/py 400
HH (all) 121K
HH - WWWW 9200
HH — bbyy 320
HH — yyyy 1




Rl Future physics: Higgs

e Measurements of Higgs couplings

»  Answering the question, /s this the SM Higgs?
»  EXxpress the production and decay of the Higgs in terms of deviation from SM coupling

Production Decay
g 2000, b, W.Z
Kb, Kw,z
b,t H - ﬂf::

J 2009~ b,‘l: W.Z
9 VW~ Y

W,Z Kw,b,t

H-— W.b.t

W,Z

q AW~ Y

» Requires great performance across the board
* Electrons, muons, taus, forward jets, b-tagging, trigger, MET....
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pivienaeell -Uture physics: Higgs

e Scaling of signal and background yields as:

* Scenariol - systematic uncertainties remain the same: conservative
« Scenario 2 - theoretical uncertainties scaled by 2: expt. systematic uncertainties scaled by 1/4/L

CMS Projection (Prelim.) CMS Projection (Prelim.)
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* Example beyond the Standard Model theories predict up to ~5% deviation
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paiseaall U ture physics: VV scat

o \Without the Higgs VV scattering would violate unitarity
»  Complementary probe of EWSB to direct Higgs measurements

»  Example ZZ scattering to 4 leptons

* Low cross section but cleanest channel é’ F ATLAS Simulation Prefminary .vés 77 M)
» 30% with 300 fb- 5 | L-a000 !  wves g
30 _ 2]
» 10% with 3000 fb- 7 Cow = 15TV -
23 SMZZQCD =
. 20 —;
» Requires excellent detector performance . E
* VBF signature (forward jets), pile up control 10E- E
* Boosted decay of V to leptons or jets (substructure) 5 -

) 0.2 03 04 05 060708 1

m, [TeV]
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~uture pnysics: Dark iviatter

e \What can the LHC contribute?
Dark Matter

SM matter
4.9% »  Complementary to direct detection
experiments and observations
Collider
production
X q
M 58
©
X q
_ freeze-out_
More than 95% of the matter-energy in ndirect detection

the Universe is of unknown origin!
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»  Monojet (and other) events

10%¢
< |

q X (mpwm) S

=
9q gpMm £ 10%}

Z" (Mpeq)
q X (mpwm) 10
g

» Large gains with 300 tb-1 to 3000 flb-

» Requires excellent performance for jets and

MISSINg energy
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Future pnysics: Dark Matter

e How do you observe something invisible?
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Rkl - ture physics: SUSY

e \Why we love supersymmetry...

f S
» Hierarchy problem HQ
H _~_z____
Am?, = 8)\—3; [—A% + 6m2in A] Am?, = 1252 [A? — 2m2in A] Supersymmetric
4 s " s "shadow' particles
» DaI'K Mattel’ Caﬂdldate Dark Matter

SM matter

1/0'1

» Unification
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paiesaill Uture physics: SUSY

e Natural SUSY
» Mstop < ~1TeV

»  Constraints on sbottom and gluino
»  Maybe still alive with 300 flo-17

] 1 1 i 1 1 l. I I 1 1 1 1 I I ) ] 1 l 1 1 |l I —
> EATLAS Simulation Preliminary =
g 900 E_\ s=14 TeV -300 fb™ (<p>-60) 50 discovery —E

o - *+300 fb™ ‘<p>-60) 95% CL exclusion -
% 800F- -3000 fb™' (<u>=140) 50 discove —
= - *» 3000 fb" >-14o 95% CL exclusion 3
700 @ATLAS 8 TeV (1-lepton): 95% CL obs. limit
- [JATLAS 8 TeV (0-lepton): 95% CL obs. limit
600:_ L AA AR RRR]] :
E . "‘ L ) e .... E
5000 and 1-lepton combined .szpf%esess, ' ~
- it % - -
400 o : P =
300F- =
200F- : =
100 —
: 1 1 I 1 [ R SR TR SR B L SR | :

0 200 400 600 800 1 000 1200 1 400
nkmpﬁaevj

11 IOP, Joint Annual HEPP and APP Conference,

21-23 March 2016, Univ. of Sussex.

e Flectroweak production of SUSY

» Lower cross sections than strong
production = needs higher luminosity

» Also shows effect of detector degradation

»  WH channel: lepton, MET and 2 b-tags
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Rkl PhySics summary

e Broad physics programme

»  Precision SM (including Higgs) measurements
»  Searches for new physics

e Complementary to other (potential) colliders

e Highlighted key areas for detector performance

e Bottom line: will need to maintain current high level of detector performance
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el | HC: Introduction

Proton

e 1T
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Particle
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Proton-Proton
Protons/bunch
Beam energy
Luminosity

Pile up =
Crossing rate

Collisions =

2835 bunch/beam
1 011

7 TeV (7x10" eV)
10* em*s?

20 events

40 MHz

107 - 10°Hz



Imperial College
London

e Close to design luminosity reached already

» 7x10383 cm= s vs 1x1034 cm= s

» - With 50 ns bunch spacing vs nominal 25 ns
» Higher than design pile up already

» Integrated luminosities up to 0.3 fb-' / day

e SO why upgrade?

@ LHC IntL (fbA-1) M HL-LHC IntL (fbA-1)
3500
3000 - O ﬂA By implementing HL-LHC
O
2500 - L)
2000 .l Almost a factor 3
15007 ll. :
¢ =) '
1000 | - ’0000 By Contlnuou§
20000 performance improvement
gl ’.‘,000. and consolidation
0 o0t eee . T | |
2010 2015 2020 2025 2030 2035 F. Boudry
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Instantaneous luminosity [cm2s]
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| HC: Future plans

® Peak luminosity =Integrated luminosity
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e Pile up

Detector upgrades: che

»  Detector performance
degraded (e.g. pattern

recognition)

»  Offline reconstruction

complexity

e Radiation

»  High tluencies a

doses for trac
endcap calori

» Degraded performance

KE

nd high

'S and

meters

Simulated Event Display.at/ 140 PU (102 Vertices)
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e Rates
»Irigger rates increase
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peiieatll AT| AS: Phase 1 upgrade

e Fast lrack Irigger

»  Hardware (Associative Memory) based track A
finder (pattern matching) a4

»  FPGA-based track fitting

--

-----
.............

-----

e Trigger and DAQ
»  Level-1 Calorimeter Trigger (UK)

»  New electronics 25m \

»  Finer granularity

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

e Forward muon detectors
Toroid magnets LAr electromagnetic calorimeters

» Muon “"small wheels™ improve tracking and Muon chambers  Solenoid magnet | Transition radiation fracker
trigger in forward regions Semiconductor fracker

17 10P, Joint Annual HEPP and APP Conference, 21-23 March 2016, Univ. of Sussex.



joiieasll AT AS: Phase 1 upgrade

o | evel-1 Calorimeter Trigger

» Upgrade calorimeter electronics will provide
finer granularity data to Level-1 trigger in n and

depth information

»  Preserve thresholds for si
o1 ~ 25 GeV for LHC lumi

~2-3X nominal

ngle electron trigger at
Nosity increasing to

» UK developing electron feature extractor and
associated readout (ATCA and high speed

optical links)

18 IOP, Joint Annual HEPP and APP Conference, 21-23 March 2016, Univ. of Sussex.
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ATLAS: Phase 2 upgrade

o ull replacement of Inner Tracker (UK) A
L b; T | o
»  EXisting Inner Detector performance degraded by —1 = sl S
radiation damage and high occupancy in Phase 2 R )
oo D E B e S
Pixel Barrel x 487 /{ | : Pixel Discs x / (%I-
. o (n39mm,78mm,155m'n,2£l'>0mm) l (z=877;nm,1059mm,:209mm,1359rlnm,1509mm,1l675mm) l I é-
» Replace with all silicon tracker 00 05 10 15 20 25 30 35 3
D
» pixels and microstrips - =
o . . 2 F . ATCAS Smulation MTklollayoux] | 2
» - Significantly increase granularity I e e D
* Pixel system (LOI layout) 4 barrel layers and 6 disks (~8 m?2) ) g
 Strip system 5 barrel layers plus 7 disks (~190 m?) N " >
* Robust tracking with 14 layers — Z Ty %
» - Minimise material budget within tracking acceptance ) ” =
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» Sufficient hits on track to maintain high efficiency and
combat combinatorics at high pile up

* Excellent tracking efficiency —

» UK Interest in large contribution to new tracker

Microstrip Stave Prototype

»  Extensive R&D underway for several years

20 10P, Joint Annual HEPP and APP Conference, 21-23 March 2016, Univ. of Sussex.
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® [rigger upgrade

4

New Trigger Architecture

» Iwo Level Hardware trigger
LO: 1 MHz, 6us latency (calorimeter and muons) SuperStrip (bin)

4

L1: 300-400 kHz 24us latency

Regional information from I Tk

ATLAS: Phase 2 upgrade

Pattern recognition in coarse resolution
(superstrip=>road)

Track fit in full resolution (hits in a road)
F(X{, X5, X3, ...) ~ 85+ 8;AX4 + A3AX5 + 23AX5 + ... =0

L1Track: Use tracking information earlier in trigger processing

Associative Memory ASICs for track finding and FPGAs for track fitting (similar to FTK)

’hase 1 L1 calorimeter trigger becomes

Phase 2 LO

21 10P, Joint Annual HEPP and APP Conference, 21-23 March 2016, Univ. of Sussex.
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e Hadron calorimeter

»  Replace photodetectors and electronics
between LS1 and LS2 — add depth
information and improved noise performance

e [ evel-1 Trigger (UK)

»  New system with latest electronics runs from
2016 = now running in cosmic-ray runs!

e Pixel detector
»  New detector to be installed 2016/17

e [orward muon detectors
»  New GEM detectors to be installed in LS2

CMS: Phase 1 upgrade

CMS DETECTOR

Total weight : 14,000 tonnes
Overall diameter : 15.0 m
Overall length  :28.7m
Magnetic field

STEEL RETURN YOKE

12,500 tonnes SILICON TRACKERS

Pixel (100x150 um) ~16m* ~66M channels
Microstrips (80x180 pum) ~200m?* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels
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»  Replace older VME electronics with latest
UTCA (telecoms standard) electronics —

atest, powerful processing (FPGAs) and

Nigh speed serial links

»  Replace copper links with optical fibres
almost everywhere

» Earlier merging of detector data in muon
system — better reconstruction

»  Pile up subtraction in calorimeter system for
object energies and isolation energies

23 10P, Joint Annual HEPP and APP Conference, 21-23 March 2016, Univ. of Sussex.
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L Each card spans 8 out of 72 towersin ¢ and % of n. |
- .

18 cards, each receiving 60 links at between 5.0 Gb/s & 6.4 Gb/s of Calorimeter data

vy oYY v vy

Layer 1 cards transmit
48 links @ 10G

Layer-1
Cards

72 input links per
Layer-2 node -

Node 1
—

CMS: Phase 1 Level-1 Tric

IVMPERILAL

VIP£

6 output links per

De-multiplexing node:
Separate card or firmware
core in downstream system

MP7
— —
__—1 wmp7 Im Node2
—_ 4 MP7 |
Nodes3to 9
Redundant
Node

v

/Flexible system:

Based on pTCA telecoms standard
Input/output 72 optical links running
up to 12.5 Gb/s = 0.9 Tb/s

MP card @ 10Gb/s
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X

Higher granularity

One processing FPGA sees the entire
detector for one event

* Seamless coverage of detector

* Sophisticated algorithms (closer to offline)

extra logic resources.
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peieasll C\S: Phase 2 Tracker upg

»  Pixel detector

C : : 5 cm long strips (both sides)
* Similar configuration as Phase 1

90 uym pitch
P=272W
~ 92 cm?2 active area

4 layers and 10 disks to cover up to Ini= 4

* Thin sensors 100 pm

* Smaller pixels 30 x 100 pm

»  Quter tracker (UK)

* High granularity for efficient track reconstruction
beyond 140 PU

* |Improved material budget

* Pr-modules to provide trigger for tracks with Pr> 2 GeV 2°°§T‘T'T'T"T | L |
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haoieatll CMVS: Phase 2 Tracker upgre

e Quter tracker

L A S S B SO S S S B S
03 b UTenspi<tt
0 o i L iMuons (qual 2 4), 1.1 < nf < 2.2
q; o Lﬂ'kMuens‘ 1.1« M|<32 R

* Pr-modules — doublet sensors with common electronics to correlate hits =
and form stubs for trigger ks

L L
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Heiaenl CMNS: Phase 2 Calorime

e Current endcap calorimetry will not
remain performant after LS3

»  Combination of radiation damage and high
pile up conditions

e Plan to replace by integrated high-
granularity calorimeter

»  Sampling calori
gh p

optimised for h

mete

- with silicon sensors,

e up

»  High granularity readout (~1cm=) and
precision timing capability (<50ps)
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Imperial College

London

e High Granularity Calorimeter with 4D (space-time)
shower measurement

»  Electromagnetic section (26 X0, 1.5\): 28 layers of Silicon-W/Cu absorber

»  Front
»  Back

adronic section (3.5 A\): 12 layers of Silicon/Brass or Stainless Steel
adronic Calo. (BH) - radiation tol. - granularity

»  BH (5 A): 12 layers of Scintillator/Brass or Stainless Steel (2 depth readout)

e Major new areas of R&D (UK)

»  Level-1 Trigger, reconstructions algorithms, analogue and digital
electronics...
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CMS: Phase 2 Calorimeter
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Rkt | HCb upgrade (Run 3)

e [rigger

»  Upgrade readout to 40 MHz — fully software-
based trigger

RICH Detectors

»  New electronics and DAQ | SR |

e VELO (UK)

»  New detector and electronics

VELO
e RICH (UK) .

»  New detector and electronics

1]
E

0 10 m 20 m

e More tomorrow morning...
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Rkt SUMMary and conclusions

e | HC Run 1 a great success!
» Discovery of Higgs boson

»  Key measurements and searches for beyond the Standard Model physics

e | HC Run 2 underway

» Hoping for even more excitement than Run 1

e Beyond Run 2

» HL-LHC has a well motivated physics programme

» Very significant upgrades to detector = almost new experiments
» (Great opportunities to shape the future of our field

30 IOP, Joint Annual HEPP and APP Conference, 21-23 March 2016, Univ. of Sussex.



Imperial College
London

» AT

AS Upgrade

Physics projections
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies

Bioliograpny

» CMS Upgrade

Physics projections

nttps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP

» ATLAS LOI and LHCC Scoping Document
* https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2012-022/index.htm
* https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2015-020/index.htm
»  CMS Technical Proposal and LHCC Scoping Document
* http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TDR-15-002/index.html
* hitp://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/phase2sd/index.html
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Imperial College
e Readout systems

London
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ekl Higgs couplings

SUSY Kanemura, Tsumura, Yagyu, Yokoya COMPOSITE HIGGS

MSSM (tang = 5, M, = 700 GeV) MCHMS (f = 1.5 TeV)
15%

10%
9%
0%

-5% -5%

Higgs Coupling Deviation from SM
Higgs Coupling Deviation from SM

-10% -10%

I ILC Projection [Ref. arXiv:1310.0763]

I ILC Projection [Ref. arXiv:1310.0763]
250 GeV, 1150 b @ 500 GeV, 1600 fb'

250 GeV, 1150 fo' @ 500 GeV, 1600 fb’

-15% -15%
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