Long Term Prospects for the LHC
at High Luminosity

How will the LHC look at 45 years old?

J. Nash Future Colliders - IPMU



What will be the legacy of the LHC?

» The machine which discovered the SM Higgs Boson!
» The machine which found the cracks in the SM?

» The machine which finally found SUSY?

» The machine which finally ruled out SUSY?

» The machine which found the new and unexpected and
led to a different view of the universe!?
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Big questions for the future of the LHC

» Should we keep running the LHC?
What other options do we have!?

Have we had our return on investment!?

» If “yes” how much integrated luminosity do we need?

Doesn’t make sense to run forever

» How high can we push the instantaneous luminosity
Determines how long we need to run to meet our goal

Has a big impact on the accelerator and the detectors
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Should we keep running the LHC?

» 4 J. Nash Future Colliders - IPMU



Why we should keep running the LHC

» This machine is our Energy Frontier machine
Now, and until we can agree what new pathway to follow to
extend the energy frontier

Options are being thought about
TLEP

Muon collider
HE LHC

» This machine is our Higgs Factory for at least the next
decade

» It is also the tool we will have to explore any new
discoveries we uncover when we raise the energy of the
machine in 2015
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The European Strategy for Particle
Physics

» Full exploitation of the LHC is the number one priority
for the European particle physics community.

Europe’s top priority should be the exploitation of the full potential
of the LHC, including the high-luminosity upgrade of the machine
and detectors with a view to collecting ten times more data than in
the initial design, by around 2030.This upgrade programme will also
provide further exciting opportunities for the study of flavour physics
and the quark-gluon plasma.
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Motivations for the upgrade

» The LHC has just had its first run near design luminosity
and has already delivered a major discovery.
The new Boson which has been discovered demands extensive
studies to establish its properties
Is this the SM Higgs Boson?

Does it behave as expected?

The LHC is the only machine we will have to study this Boson
for at least the next decade

The community has made a huge investment in the LHC, and the
incremental cost of getting maximum scientific output from the
machine has to be exploited

» What we haven’t discovered yet
The energy is about to increase to |13 (14) TeV
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Simple minded motivation for when to
make luminosity upgrades

» If the integrated luminosity/year remains fixed

The time it takes to reduce the statistical error on
measurements where we are statistically limited grows rapidly

We know that there will be measurements which will still be
statistically limited

How do we motivate ourselves to wait a decade to collect
enough data for the next significant “update” of results

» Much better investment of effort/machine time to try and
increase the luminosity collected/year

Have to be careful that by doing so we don’t decrease the
effectiveness of the data collected

Discoveries come early — precision tends to take time
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Practical reasons to upgrade the LHC

Radiation damage

. limit
» Hardware ageing © J. Strait

Machine elements

Detector elements
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Outline

» A quick overview of the current roadmap
» What physics can we do!

» What are the challenges for the machine?
» What are the challenges for the detectors!?
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Luminosity upgrades of the LHC
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Physics Programme at the HL-LHC
» Higgs Boson Physics

Parameter studies

Rare decay modes

» Extending the range of searches for new physics
SUSY
L W',...

» Exploring the spectroscopy of any new discoveries

This could potentially be one of the most exciting pieces of
work for this upgrade
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Standard Model Measurements

SM processes need to be understood extremely well to extract signals from the LHC
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Search for the SM Higgs Boson

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27
Run/E_vqnt: 195099 / 137440354
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SM Higgs Boson: Production Cross-section
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SM Higgs Boson: Decay Modes

decay branching fraction

1
g

T T
Ww

» Natural Width: T, ~ few MeV

» The best instrumental mass
resolution achievable is ~1GeV

» High Resolution Channels
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At my ~125 GeV many decay modes are detectable
Makes it easier to establish whether it is a SM Higgs boson or not |
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Higgs Search — The main channels

Channel MH range data set Data used MH
[GeV/c?] [fb] CMS [fb] resolution
1) H—-yy 110-150 5+5/tb 2011+12 1-2%
2) H — tau tau 110-145 5+12/fb 2011+12 15%
3) H—bb 110-135 5+12/fb 2011+12 10%
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CMS Preliminary {s=7TeV,L<5.1fb' \s=8TeV,L<12.2fb"
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Expected
Sensitivity

ZZ is the most sensitive
channel (with excellent
mass resolution)

WW also has high
sensitivity (although poor
mass resolution)

Gamma gamma should have
reasonable sensitivity (with
excellent mass resolution)
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Measuring the Boson’s properties at high Luminosity

» Properties of the signal inferred from the combination of
the information provided by the Boson decay analyses

» Current CMS Input

w X Untagged  VBF-tag VH-tag ttH-tag
. w H->yy (V4 v
M TRV v v
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Search for the SM Higgs in the yy channel
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to Wi photon fop
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o (pb)

Search in yy channel: Reducing Background
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Higgs to ZZ search

» Look for 4 leptons
Relatively high Pr.
Pr nu>5 GeV
Pre>7 GeV
From the same vertex
Isolated
Opposite sign pairs consistent
with Z

» Excellent Mass resolution

» Low Backgrounds

Flat in interesting range

Irreducible ZZ modeled with
theory

Reducible Z+X, Zbb, top from
data
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CMS PAS HIG-12-041
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Signal in the 4 lepton mass
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Kinematic Discriminants

» Build a kinematic discriminant from the
decay angles of the leptons

» Validated with independent
implementations of the kinematic
discriminants either using directly the
matrix element or using the Boosted
Decision Trees (BDT) multivariate CMS preliminary  ¥§=7TeV, L =51 15" y§=8TeV,L =122 b
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Signal and Background compared to the
kinematic discriminant

Eiggs Signﬂ_- !ackgrouniﬁl

fs=7TeV,.L=5.1f" ys=8TeV.L=122 1"

CMS preliminary

CMS preliminary fs=7TeV,L=51fb" ys=8TeV,L=1221"
xl‘ltl 1 0 1 1
0.9 < 09
0-7 0.7
0.6 0.6 06 06
0.5 05
0.4 0.4 04 04
0.3 0.3
0.2 0.2 0.2 0.2
0.1 0.1
"7120 130 140 150 160 170 180 07420 130 140 150 160 170 180

» 26 J. Nash Future Colliders - IPMU



» Build a discriminator to
compare the 0" and 0
hypothesis

» Calculate the likelihood
that the data is compatible
with each hypothesis

» Use toy monte-carlo to
see how consistent a given
likelihood ratio is for each
hypothesis

Pt s Pjp(rnl, My, ﬁ|m4g)

D = — e
J 'pSM + ’,Der PSM(ml, M2, Q|m4£)
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Benchmarks: How well can we measure
the properties of this Boson?

» Some General assumptions in these estimates

The systematic errors will scale with (Luminosity)?(-1/2)
A challenge to the experimentalists

Many of the systematic uncertainties are “data driven” and should
improve with more data collected

The theoretical errors will reduce by a factor of 2
A challenge to the theorists
The statistical errors on the measurements will decrease

A challenge to the machine

A challenge to the experimentalists (high pile up)
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First guesses at how well properties can
be measured with high luminosity

CMS Projection ATLAS Preliminary (Simulation)
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Some Caveats: Hovy [
These are preliminary studies 0 *6_2| | |0_4| | .0-6. | 6_8|
Assumptions about scaling ... A
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If we assume the SM, how well can we
constrain 1t?

Production Decay

June 2013 Pippa Wells, CERN 15
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A general set of Coupling scale factors

Production modes Detectable decay modes Undetectable decay modes
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http://arxiv.org/abs/1209.0040v1
http://arxiv.org/abs/1209.0040v1
http://arxiv.org/abs/1209.0040v1

Measuring the couplings

. ATLAS Preliminary (Simulation)
» There will be a lot of Vs =14 TeV: [Ldt=300 fb " ; [Ldt=3000 fb

nggs Boson events to jILcTt;Ifaooltbl" (Iextra:pc!}blalted Trolml7+8lTeU
study at the HL-LHC

» Not trivial to extrapolate
the experimental
performance

History has shown the
experimentalists manage to
reduce systematic errors

with increasing luminosity rger, /T, B0
Many of the systematic 0 02 04 06 08
errors are determined by ATy Ay

FXITY Kx/ Ky

using data distributions.
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CMS projections for Higgs property
measurements

Theoretical errors

very important!

CMS Projection (Prelim.)

E?(pected uncertair?ties on — 300 fb::at fs =14 TeV sCenarfm CMS Projection (Prelim.)
H|ggs boson couphngs — 300fb"at fs=14 TeV Scenario 2 — — — — | — —
Expected uncertainties on F— 3000 " at f5= 14 TeV Scenario 1
Ky f { Higgs boson couplings F— 3000 fb"at 5= 14 TeV Scenario 2
Ky [——+—
Ky f {
Kg : |
Ky —F—
K, } {
K f |
Ky — ’
K I ]
KT : : b T 1
| | | K : |
0.00 0.05 0.10 0.15 K . .
H T
expected uncertainty ' '

. - | | | | | | | | ‘ | | | | | |
Scenario 1: 0.00 0.05 0.10 015
e 2012 systematics expected uncertainty
Scenario 2:

» theory syst: scaled by a factor %
+  other systematics scaled by 1/L J.Nash Future Colliders - IPMU



measured with 3000/1{b

CMS
Numbers in brackets are % uncertainties on coup].ing deviations for [scenario 2, scenario 1]
L (fb™) K, Ky K, K, K, K,
300 5, 7] [4, 5] 6,8 | 110,13 | 14,151 | s 8
3000 2, 5] 2, 3] I3, 5] 4, 7] [7, 10] 2, 5]

Goal: ultimate Precision of ~5% or better

Scenario 1:

« 2012 systematics

Scenario 2:

« theory syst: scaled by a factor 2
- other systematics scaled by 1/1L

35

Estimate how well the couplings can be

ATLAS

300 b~

3000 fb~!

Ky
KF

3.0% (5.6%)
8.9% (10%)

1.9% (4.5%)
3.6% (5.9%)

Alternatively assume universal
Vector/Fermion couplings
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Theoretical uncertainties

» Theoretical predictions for known and new processes are critical

* Missing higher order (QCD) radiative corrections are estimated by
varying factorisation and renormalisation scales (0.5 ~ 2.0)

+ Electroweak corrections
+ Treatment of heavy quarks

* PDF uncertainties (which also depend on the order of calculation
available)

m,=125 GeV @ 14 TeV: o(pp(gg)>H+X) scale *? ,,%, PDF +8.5%

* PDF uncertainties can be reduced by future precise experimental
measurements at LHC, including

« W, Z ¢ and differential distributions for lower x quarks

« High mass Drell-Yan measurements for higher x quarks

* Inclusive jets, dijets for high x quarks and gluons

« Top pair differential distributions for medium/large x gluons
« Single top for gluon and b-quark

« Direct photons for small/medium x gluons

June 2013 Pippa Wells, CERN 14

J. Nash Future Colliders - IPMU



Rare Higgs decays with High Luminosity

Events /0.5 GeV

d t
O L O L DL th
10 ATLAS Preliminary (Simulation) o——H
g F=14TeVv -
107" ['Lat=3000 10" = " t
tt— pvX pvX
10° — T g 2000000 t
107 [ 99— H— pp, m =125 GeV
6 [ ATLAS Preliminary (Simulation)
10 9 s =14 TeV . EVHH
10° £ 250 02 g&F
3 o E s = 3
10* o @ '
£
103 §—500$m ST e UL
10 140 160 180 200
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With 3000/fb ATLAS expects =
With 3000/fb ATLAS expects
ttH:
H->pp 30 Events
H->yy 100 events
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Higgs Self

couplings
H - ----H
’ \QQQQ, We hope to have access to
/
-———-dA\yyn A | measuring the Higgs Self
* ~ . .
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Higgs Self Coupling — experimental
pieces

» The number of events is small

» The channels are challenging
HH->bbyy
HH->bbtt

» How do we do this experimentally in the challenging
hadron environment!
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Looking for rare signals in big
background — experimental techniques

» The needle in a haystack problem tends to be solved in
one of two ways these days

» “old school”
Think about the difference between background and data
Develop “cuts” which separate the two

» “New age”

Think about which observables are sensitive to the difference
between background and data

Throw everything into a “Neural net” or “BDT” or
“multivariate analysis” and let machine learning choose an
optimal weighting for each event

This method can in principle give better sensitivity but
shouldn’t be used blindly
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H—tt — background modeling

Z>TT

Estimated from Z—uup with muon
replaced by simulated tau decay —
normalization from Z—upu

QCD

Shape and normalization from LS/OS
or fakerate

Z—ee(/up)

From simulation: POWHEG, corrected
for measured rates for jets and e/(u) to
fake at

Diboson/W+jets

From simulation: MADGRAPH,
normalization from sideband

ttbar

From simulation:MADGRAPH,
normalization from sideband
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Use M, to reduce EW background

Mt = \/2 . p% . E!r“iss . (1 — COS A(pg,,,)

CMS Preliminary, ys = 7-8 TeV, L = 17 fb™' T, T, CMS Preliminary 2012, 12.0 fb™, ys = 8 TeV T,
I I L] I I L] L] L] L] I I I I L] I L] L] = L] I L] I I L] I L] I I L] I
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Z 1400 t
Z i
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T Th Neutrinos from tau decays very different than those

from W decays (collinear with leptons for Tau decays)
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Suppress top and .
backgrounds

CMS Preliminary, ys = 7-8 TeV, L = 17 fb"'TeTy
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H-bb

>

Most of our produced
Higgs particles are
decaying in this mode

Unfortunately for
experimentalists, they are
really quite difficult to
separate from the
background

Exploit production
methods with cleaner
signatures to help

But much lower cross
sections for VH

Throw the kitchen sink
method at selecting events

45

decay branching fraction

—
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Z->bb

» By far, largest BR for
m, <130 GeV (~60%)

» Key piece of the
observation puzzle

» Tests specific
production & decay
couplings

» But 6,,,(QCD) ~ 107
oXBR(H-> bb)!

CMS PAS HIG-12-044
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UIGO T V. I

Use many BDTs to look at different
signals in different P, regions

RN
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Higgs self coupling potential channels

decay branching fraction
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Can’t use bbWWV decay
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Prospects for measuring self coupling —
theory colleagues have been looking!

HH bbyy Hyy ZH S/B S/vVB
Cross-section NLO [fb] 8.92x 1072 5.05 x 103 1.39 333x107! 1L77Tx107% 6.87 %1072
Reconstructed Higgs from bs 437 x 1072 4.01x10° 870x1072? 1.24x107% 1.09x10"* 1.20x 107!
Reconstructed Higgs from vs  3.05 x 1072 1.78 248 x 1072 STAx107* 1.69x 1072 1.24
Cut on Mgy 273x 1072 3.74x 1072 7.45x107% 128x10~¢ 6.07 x 107! 7.05
Cut on Pr.y 233x 1072 374x107? 533x10°% 1.18x 10t 544x 1071 6.17
Cut on 5 204x 1072 1.87x1072 3.72x107% 9.02x10~° 9.06 x 107} 7.45
Cut on AR(b, b) 1.71 x 102 0.00 3.21 x10° T744x10°° 5.21 16.34
“Detector level” 1.56 x 102 0.00 8.76x1073 874x10~% 8.92x 107! 6.46

Table 7: Cross-section values of the HH signal and the various backgrounds expected at
the LHC at /s = 14 TeV, the signal to background ratio S/B and the significance S/\/B
for f £ = 3000 fb~! in the bbyy channel after applying the cuts discussed in the tezxt.

The measurement of the Higgs
Expect about 50 events self-coupling at the LHC:
with 3000/fb theoretical status

) Baglio, A, Dyouad, R. Crober, M. M. Mubiieitner, ).
Queviton, M. Spin
E.W.N. Glover, J.J. van der Bij, Physics Letters 8219 (1989) 488-492.
S. Dawson, S. Dittmaier and M. Spira, Phys. Rev. D58 (19968) 115012
A. Djouadi, W. Kilian, M. Mihlleitner and P.M. Zerwas, Eur. Phys, J. C10 (1999) 45-49 .
U. Bawr,T. Plehn, and D. Rainwater, Phys. Rev. Letl. 89 (2002) 151801, Phys. Rev. DE7 (2003) 033003, Phys. Rev. D68
033001, Phys. Rev. D69 (2004) 053004 .
T. Binoth, S. Karg, N. Kauer, and R. Rickl, Phys, Rev, D74 (2006) 113008.
M.J. Dolan,C. Englert, and M. Spannowsky, arXiv.1206.5001.
J. Baglio, A Diouadi, R._Grober, M. M. Muhlleitner, J. Quevillon, M. Spira, hitp://arxiv.org/abs/1212.6581
Elorian Goertz, Andreas Papaefstathiou. Li Lin Yang, José Zunta http://arxiv.org/abs/1301.3402
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Projection for Higgs Self coupling
> .
5 i L _ I_ ' '_ ' _' L |
Q [ AmercmmyOmiEn e, This channel for ATLAS
E 15__ fL-::It::am:] f”’ I alone would give about a
& | ="i ] 3G signal.
- T
G HH->bbyy —HE
101 ) -
sl i
% 100 200 300
m . [GeV]
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DiBoson scattering

» The Higgs mechanism gets rid of the problem of unitarity
violation at the TeV scale

» We should check the behaviour of Di-Boson scattering at
the TeV scale to make sure nothing else is going on!

» For these events, we need to “tag” the forward jets from
the quarks

Jets from these quarks are
widely separated in

rapidity.
Tend to be in the very
forward detectors
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Y, 7%

L

Probabili

WW scattering

10

Forward tagging is essential
Potential signals are small

(preliminary ...)

ATLAS full simulation

> 25 )
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Lookmg for non-VV Diboson at HL-LHC

é ggg; RRRRARRRR ATLAS | F’re-hmm.aryr 'SMW J_E EJ ATLAS F’re-llmln.ar},ar smw ]
c = (Simulation) = = (Simulation) ]
2005 Ldt=8000fb" | Memw 3 Ldt=3000fb" | Memw 3
1805— t= Diboson —f t= Dicoson
160~ e ] 2 8y s
1405_ (g=1.75) 3 (g=1.75) _j
1205 = -
1005 = ]
80F E E
60E E ]
40 = 7
20F E - 7
0 05 1 15 2 25 3 35 4 45 5 02 03 04 0506 1
leading m, [TeV] my, [TeV]
ATLAS Sensitivity
Anomalous WBS model 300 fb~! 3000 fb~!
Mresonance = 500 GeV, g=1.0 | 2.40 7.50 HL-LHCI ;um'gos'ty
essential for these
Mresonance = 1 TeV, g=1.75 l.70 5.50
measurements
Mresonance = 1 TEV, g = 2.5 3. Dg 9'. 40'
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Looking for other new physics-
Z’ resonances

» Higher luminosity (and energy) extends the reach of a
proton machine in looking for resonances.

» This is a very simple analysis, just make a plot of the
invariant mass of pairs of leptons.

» Have to be careful about the performance of the
detectors at very high energies

For example the calorimeters which give precision
measurements of the momentum at TeV scales can have
channels in saturation

Need to correct for this effect by looking at the shower of
energies in the calorimeters.
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Events / GeV

Search for Z’->dilepton what we see now

105 T T T T T T T T |
- CMS Preliminary, Vs = 8 TeV f Ldt=4.1f0"
.0 —e— DATA

] viz—p'w

[ i + other prompt leptons

Jiets

10
10
10°
10"

IIIIllI]l [T ] I 1 I| J L |I| ] 1l ‘

80 100

2000
m(u*n) [GeV]

1000

200 300

| More data continues to extend the mass limits.
Higher energy will move this much more quickly
after the coming shutdown

56

IA straightforward search.

Isolated Leptons with reasonably
high P (e 35 GeV, 1 45 GeV)
M(Z'sm) > 2590 GeV (95%CL)
M(Z',) > 2260 GeV (95%CL)

CMS PAS EXO-12-015

8 TeV: ee (3.6 b ')+ p'y (4.1 17
7 TeV:ee (5.0 o)+ p'p (5.3 b7
L L

weeeeses median expected

[ 682% expected
95% expected

Zean —

4 CMS preliminary
—

N ™

—

Ny —— 95% C.L. limit

10°L
1071 . . R P R B | . \\.‘T
500 1000 1500 2000 2500 3000
M [GeV]
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» HL-LHC extends reach for Z’

Cross sections fall with E

10"

10’

Events / 40GeV

10

10"

57

10°

HL-LHC Physics: Adding reach with more
luminosity

More luminosity gives access to
higher E

Dilepton invariant mass spectrum

LHC, 14 TeV L=100fb"

'] m,=152535TeV

5 HEIF
4500

Just needs the Integrated Luminosity!

Number of events
—
o

10

A0

10

a 3000 fb™

© 300 fb'?

L

and

w'u” modes
two experiments

3 35 4 45 5

M, [GeV]
Z' mass (TeV) 1 2 3 4 5 6
(7 S ete)(fb) | 512 | 239 2.5 | 038 | 0.08 | 0.026
['7 (GeV) 306 | 624 | 94.2 | 126.1 | 158.0 | 190.0

55 6 65 7

Mass of Z, TeV
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Projected reaches in Z’ searches

CMS Projection, 14 TeV

.-EJ-- L T T T ] \: [ I L L T L L . -
* . BN —— discovery 300fb™
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=107 e discovery 1000fb!, EB-EB only =
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10 = =

10-5 E— Pep— Z:SSM (LO) ., o NN MR _E

= Ly i) N -

2 (1163} N ]

[ =—=2_00) g
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Resonances - Higher energy would
clearly help extending the LHC reach

c.Br(Z'— e'e) (pb)

59
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Search for W My — \/2 pt. - EMiss . (1 — cos A¢y,)

T T T T T T T T 1 T | T T T T I T T T T A

> 101 T
CMS 2012 Preliminary .
) Dib
G 10° f L dt=3.67 fb" B Diboson
. B DY->ee o 10 -
o 10 \s=8TeV — ] L 95% Observed Limit
N W =TV ~ | eeeene- 95% Expected Limit
~ 10°F e B ti + single top o [ Expected = 10
ﬂ 108 B acp om s :| Expected = 20
c 10° x 10 e Theoretical Cross Section NNLO
g B wsev @ |:| PDF uncertainty
iy 10 « Data g RN é MS ] ;
10° W' > ev M=1.3 TeV T ek & (; dp"’ '""';g:‘;
2 W N ® E mbined e +
10° W' — ev M=2.3 TeV 2 : _f'- dt-3.7fb" -
10 £ g R \s= 8TeV
1 3 o | .
10" -
13 :
10 I
10° 1 %m
- . :IIIIIIIIIII|IIIIIIIIIIIIII'~“I"""‘N¢.I‘
500 1000 1500 2000 2500 1000 1500 2000 2500 3000 3500 4000

M, [GeV] _ M,/ GeV

Isolated Leptons with Missing ET
CMS PAS EXO-12-010 Look at MT
M(W’snm) > 2.85TeV (95%CL)
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} B L L .I I : [ [ II'_I L L I I_
8 -CMS projection: ys= 14T|av/. 1 W limits
— 6400 ; —
— :W —=ev / i The gain on the limits we
E - A~ . can set on these sorts of
.= 6200 Y d :
— u _ ecays are slow with
% B / ] increasing luminosity.
© 6000
= B ] Would hope to see some
= - ] hints when we go to 13 TeV
< 5800
_ / - if there is something new.

e B 4
4{]—'-] B 4
O 56[][]_ / ]
b B 4
% B 4
n 2400 i J i

5200 |_assumed W' mass independent signal efficiency
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Search for SUSY particles

H -
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Beyond SM - SUSY searches

SUSY h -> b b event in CMS detector

PP -> UL + g
a1t 41 mSUGRA
g>hi+ 1]- Mg=1000 GaV, m, ;=500 GaV
i >W7™+b (jety, E; =113 GeV) | a0 tan p=35, u=0
| i
| . >slets By =79GeV) + ¢ mf'g? =1266 GV
-> 32" + b (jety, E;= 536 GeV) miug) = 1450 GeV

.u - mit,) = 1026 GeV
=yt+Z =V

m(xz") = 410 GeV
0 + ~
=Y +W svT->evy mix+") = 214 GeV

up > 12 + u (jets, E=1200 GeV) mih) = 119 GeV

|~ _
> %1%+ h->bb (jety, E=206, GeV; jet,, =320 GeV)

HL-LHC detectors must be able to cope with complicated
topologies

This machine will be our only tool for understanding what is the
spectrum of any newly discovered physics for some time
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SUSY search strategies

» Missing E+.
» b-quark jets
» Leptons

» Lots of potential QCD
background to fight

s CMS strategy:a programme of searches based on missing Et and event topologies
(MET+jets+Niep/Ny)

0-leptons |-lepton OSDL SSDL >3 leptons photons Ytlepton

i
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An Example of Search for Supersymmetry

PRL101:221803 (2008) & CMS-PAS-SUS-09-001

jet
} LSP\} , Lsp
/ - » Originally proposed for di-jets but now

7J /\\ generalized for Njets

BACKGROUND ; r 4 -
jet topology (QCD) JEt \

*No direct dependence on calorimetric MET

sonapecs JEU o parfectly balanced events (QCD) have
o; = 0.5 (cut at a; >0.5)

o= Erpp _ \/Er.fszm * Due to built-in correlation ais very robust
"M, iLj2 \2(1 - cosAg) against jet mis-measurements
och?r.2 arzhgo-s ar for n arT:lHT_AHT
[Elo. M, jets: 2 M,

Expectation for QCD: oy = 0.5 (form two pseudo-jets — defined by
Jet mismeasurements: 0;<0.5 balance in “pseudo-jet” H. = 3E)

Spill-over in a;>0.5 from:
(a)Processes with genuine MET (EWK, TOP, and SUSY ©)
65 (b)Some remnant QCD 4 Future Colliders - IPMU



SUSY what if we find it- how well will we
explore the spectrum?

o Maintain
» HL-LHC stgtlsFlcs excellent MET
would be vital in :
resolution

reaching understanding
of complicated SUSY

channels b Ham;:lam i
excellent
» Performance of the g <: A
detector here is vital
» B-tagging = Maintain
» Lepton id b excellent lept ID
o - a
Here we need a lot of % =4 2
Integrated Luminosity, 7 i aq
but it needs to be high Maintain

quality. Lower pile-up
IS important.

excellent b

tagging eff
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Some sample SUSY Topologies
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SUSY cross sections 14 TeV vs 8 TeV

3

< weEerr 1. 1. 1.1 T T 3
S 5
% - 0(14 TeV) / o(8 TeV) :
s F E
3 n ]
© i |
= - gluino-gluino =
stop-stop
chargino-neutralino 1

1 B T T~ E—T

The increase in LHC energy gives a big Mass (Gev)

increase in discovery potential
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SUSY searches — gains from increasing
luminosity

» The big increase in discovery potential comes from the
increasing of the machine energy which will take place in

2015.

» Increasing luminosity pushes the discovery limits, but the
return is slower than an increase in energy.

» Should we find something new in 2015, the increased
luminosity will be essential in order to look at the
spectroscopy of anything we discover.

69 J. Nash Future Colliders - IPMU



SUSY searches — gluinos

¢ Can discover (56) gluinos up to 1.7TeV with 300 fb™" (@) 14TeV

CMS Preliminary

S‘ 1800 | ) L) T | T ) L) | T T ) [ 1 T T I L) 1 L) ] ) L) 1 '| T ) L) _
QO B - -0 .
QO 1800 PP—?QQ,Q—)tt:{1 <7
N - SUS-12-024 ]
€ 1400 [- . . -
- Estimated 5c discovery reach .

1200 == — 8 Tev, 20 15" E
1000 [~ ---- 14 TeV, 300 fi"' -
800 | -
600 | ’ —
400 |- =
Search in the final state with: ;5 =

1800 2000
m: [GeV]
il

U L 1 1 L L L
600 800 1000 1200 1400 1600

J. Olsen — Snowmass pre-

meeting
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SUSY at HL-LHC

Squark-gluino grid, m.,=0. Vs=14TeV METAHT>15GeV"? The increased luminosity
f-';; 400[]_—' - L " T ila;liﬁﬂi-.;;m; —_. ﬁ pushes out the limits which
(5.7. B E S 2° will be accessible with the
= 3500:— ',. ™ B ¥ 3000 f" axcusion 95% CL_ 3 10 LHC
B n‘*--'EDGﬂJ"EBthEichE‘}LGL 7] E
3000:_ . E ~ 10° Typically around 400-500
B O e GeV
2y B Rk I
2500 -4 2 10*
| = .
2000/ Zn; sys=30% N _; 103
. ATLAS Simulation 1 3
1 500- L R T R R N | 1 U-E

2000 2500 3000 3500 4000
m; [GeV]
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ATLAS - third generation SUSY

1
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ATLAS Simulation \s=14TeV
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mmm 3000 fb' discovery reach
nmn 3000 fb " exclusion 95% C.L.

— 300 fbv" discovery reach -t ab+x (m M = =20 GeV): 2-lepton (ep)

T BT (M >> my)-\E=7 TeV, 47 1o
L

.t —}t+x (m >> mg) 1-lepton (eu) + jets
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SUSY electroweak production

¢ o

%, Mass (GeV)
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Examples — expected reach for LHC
upgrades

EWKino
Stops/sbottoms ®mHE-LHC33
"HL-LHC14
Squarks/gluinos LHC14

Mass Reach, TeV 6
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The HL-LHC Machine — A brief look at the
accelerator
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Challenges for the LHC machine

s s s 330 o s 160 = 2010:0.04 fb
' TR 7 TeV CoM
|0 Machine commissioning
|1 m 2011: 6.1 fb?
7 TeV CoM
... Production & exploration

T “ = 2012: 23 fbl
wg‘ RPN o N x°°‘l wol z ’ Higher energy, 8 TeV

Date (UTC) Smaller p*
Increased bunch current

25

= 2010, 7 TeV, 44.2 pb '

— 2011, 7 TeV, 6.1 !
= — 2012, 8 TeV, 23.3 b '

110

Total Integrated Luminosity (b ')

» How to keep this trend
It has looked easy so far!

» The machine is however rapidly

approaching its limits Sergio) Bertolucci
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CMS Peak Luminosity Per Day, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC

-]

o2}
.;\\"

Max. inst. lumi.: 7.67 Hz/nb

~

(+)]

8

£

w

N

=
I

Peak Delivered Luminosity (Hz/nb)

(=}

N \ o O Q &
‘\—"@ y\" 1) A o \,96 N o

Date (UTC)

oY e¢

T T T T T ! 1 9

Peak LHC
Luminosity

Approaching the design
peak luminosity

This produce about 750
Higgs Bosons per hour!

75% of Design
Luminosity @ Half
design Energy and
Half the number of

bunches!!
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Peak Luminosity

N, number of particles per bunch

N, number of bunches

f. revolution frequency

g, nhormalised emittance

B~ betavalue atlp

F reduction factor due to crossing angle
N,,e,— injector chain

g — LHC insertion

F — beam separation schemes
n, —— electron cloud effect

L. Evans — EDMS Document 974861



Peak Performance: Luminosity

frev np sz
4mte,[*

Beam size

The beam current and emittance limitations:
involve the Injector chain and the whole ring
Changing 3* involves «only» 2 Interaction Regions
— new final focus systems will be required

With a stronger focusing for higher

luminosity, some luminosity is lost
because of the geometrical factor

79

09 r
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06
05 r
04
03
0.2 r
0l

LHC

0 0.2 0.4 0.6 0.8 /8* 1

J. Nash Future Colliders - IPMU



Crossing Angle

The bunches in the LHC
are separated by 25 ns

They need a finite crossing
angle so that luminosity is
not lost by interactions
taking place away from the
interaction point (parasitic
interactions)

The crossing angle however
reduces the luminosity

80 J. Nash Future Colliders - IPMU



Crab Cavities

» Rotation of the beams
allows a recovery of some
of the lost geometrical
factor due to the crossing
angle.

» This is a new technology at
proton machines and will
require significant R&D to
be successful.
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LHC injector complex

Duoplasmatron Source []90 keV (kinetic energy)

LINAC2 = Linear accelerator [ ]50 MeV
PSBooster = Proton Synchrotron Booster []1.4 GeV
PS = Proton Synchrotron []25 GeV

SRS = Super Proton Synchrotron []J450 GeV

LHC Large Hadron Collider [J7 TeV

£
O CNGS
©
e \
QO \
® \
O
O \
O Y
Z to Gran Sasso
(Al
L
Q

3 De Man 146052003 - propodions not to scale
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Emittance (x+y)/2 [um]
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Injectors: 2011 to post-LS2

ns

4.0
- SPS450 GeV 25 - SPS450 GeV 50
T 3.5 +
I 3.0 |
2011 ¢ r
e C
£ 325 +
o C
. N 2011
T N 220 + °
) ° L
S N :
@ 8 C &og’
+ S £15 +
& £ r &
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Y 10 | S/
/ .
I 0.5 _; &,
[ N | [ N | 1 0.0 VAR N R
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 00 05 10 15

Bunch Intensity[e11]
. 201 1/12 was excellent:
»  l.6ell with 2.5 um for 50 ns (at LHC flat-top)

» Around I.l el | with 2.8 um for 25 ns, extracted from SPS

» Large improvement is required for either 25 or 50 ns beam!

20 25 3.0
Bunch Intensity [e11]

3.5

40 45

Brennan

Goddard
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Summary of LHC Intensity Limits (7 TeV)

R. Assman @ Chamonix 2010

Upgrade proposals Ultimate @
Nominal

l | 1 1 'I I 1 | 1 1 I 1 1 1 1 l 1 1 II 1
1

6e+11

5e+11

E :_ _: ...+ PS2 and LP-SPL
a 4e+1 'I :— |||||:|||||||||||||-||E ||||j T
= . : 5
c E : ] ...+ 30% higher transfer
2 B I ] energy PSB to PS
— l —
E Se+1 1 B i IIIIIIIII d%p_ pror I :IIIIIIIIIIIIII“ Illl/ A
S F : ~L08 coliy = ] |
L . Or ropy, = ; -
| PS with Linac 4, double
n%) 2e+11 [ '"'i"“ o New LHC IR Cryo plants \..;'.J batch, SPS work, ...
1 1 1 : Illl;llll , IIII*IIIIIIIIIIII-m.I | T
+ — U : n T 2
© S | Stall LHC Collimation Phase 2 : 1 | Achieved with existing
- 1 : T injectors to exit SPS
0 B 1 : I 1 1 L L I L 1 L 1 I L 1 1 L I 1 L I' 1 i
1000 1500 2000 2500 3000

Number of Bunches
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Increasing Luminosity - some 1ssues

» The easiest way to achieve » Integrated Luminosity is

high luminosity at the the vital statistic

LHC is to put lots of » Lots of luminosity is not

current in a smaller so useful if it results in a

number of bunches lot of interactions in each
This has a nasty side effect crossing

of many more interactions
per crossing (up to 500 pp
events per crossing!)

» The more stable the
conditions the better
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HL-LHC Parameters

Parameters agreed on at the 2" HL-LHC Coordination Group
-maximum of 140 events per crossing

= L =510%cm2sec?!for25ns
= L =2510%cm?sec!for50ns

Pile-up density leveling
=> Leveling options?

-goal for integrated annual luminosity:
= 250 fb-!per year

-Total luminosity for HL-LHC project
= 3000 fbtotal
2"d HL-LHC General Meeting 13-14 November 2012 Oliver Briining BE-ABP CERN

86 J. Nash Future Colliders - IPMU 86



Luminosity Leveling

Leveling reduces the pile-up seen in the detectors.
Protons are “stored” in the beam

Integrated luminosity the key -Reduce the number of fills, turnaround time ...

virtual =—% R 25ns
20 peak w/o
luminosity leveling |
15 |
; 25ns |
10 (€ leveled
5
0
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Flnal goal 3000 fb by 2030’s...

5' L[10** cmr q']

flat top 3/fb per day
4 decay | 60% of efficiency
3| |
> integrated

L [tb']
I furn-
amunﬂ
5 0 15 20 25 30 t[h]
# LHC IntL {fbA-1) W HL-LHC IntL (fb*-1)
3500
3000 "l HL-LHC
B
2500 BEE
2000 - ..
1500 ] ° °
== RN Consolidation only
1000 - u ot
S S

200 "’,004'

0seeeet®

2010 2015 2020 2025 2030 2035
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.

HL-LHC Performance Estimates

Bl ‘Stretched’ Baseline Parameters following 2" HL-LHC-LIU:

Parameter nominal 6.2 10'“and 4.9 104
N 1.15E+11 2.2E+11 3.5E+11 p/beam
Ao 2808 2808 14041 3 sufficient room for leveling
beam current [A] 0.58 1.12 0.89 (with Crab Cavities)
X-ing angle [urad] 300 590 590
beam separation
[c] 9.9 12.5 11.4 |Virtual luminosity (25ns) of
p™ [m] 0.55 0.15 0.15|L=7.4/0.305 103* cm=2 s!
e, [um] 3.75 2.5 3.0 .
&, [eVs] 2.51 2.51 251 | =2410% cm? (K =5)
energy spread 1.20E-04 1.20E-04 1.20E-04 Virtual luminosity (50ns) of
bunch length [m] 7.50E-02 7.50E-02 7.50E-02 [L =85/ 0.331 1034 cm=2 g!
IBS horizontal [h] 80 -> 106 18.5 17.2| 26 10% cm2 51 (K = 10)
IBS longitudinal [h] 61 -> 60 20.4 16.1 | ~ -
Piwinski parameter 0.68 3.12 2.85
geom. reduction 0.83 0.305 0.331
beam-beam / IP 3.10E-03 3.3E-03 4.7e-03 | (Leveled to 510% cm? s
Peak Luminosity 1 1034 7.4 1034 8.5 1034 and 2.5 10%* cm™= s1)
Virtual Luminosity 1.2 1034 24 1034 26 1034

19 ->
Events$¥ crossing (peak & leveled L) 28 207 JAN&sh Future Chli@ers - IPMU 140

2" HL-LHC General Meeting 13-14 November 2012 Oliver Briining BE-ABP CERN 89


プレゼンター
プレゼンテーションのノート
50ns beam option provides HL-LHC performance levels at ultimate total beam currents; only the ‘large beta*’ option reaches beam-beam limit; IBS growth rates are a concern!; low beta option has 50% higher performance potential


Challenges for the detectors

The detectors have been preparing 2 e e
programmes to deal with the ‘ '

increasing luminosity of the LHC in the ‘ M S
coming decades _

I
o
Q
5 o
LS1 Projects: =
«Completes muon coverage (ME4) €
*Improve muon trigger (ME1), DT electronics Ggi-
*Replace HCAL photo-detectors in Forward (new PMTs) and Outer (HPD — SiPM) & =
) 4
g :
¢ g = o
LS1 LS2 LS3 = S
-
- > =
t t 2
[i=]
=y
Phase 1 Upgrades: _ Phase 2 Upgrades: scope to be »
+ New PIXE|S, HCAL SiPMs and electronics, defined in Technical PI'ODOS&[ (2014] no
and L1-Trigger =]
* Preparatory work during LS1: + Tracker Replacement
* new beam pipe + Forward Calorimetry and Muons 2
» test slices of new systems + Further Trigger upgrade: Track Trigger i
<0 ¥ i %

T s i : - '
Upgrade of CMS detector
through 2020

Technical Proposal

2

8-29€-8806-26-8.6 NESI
XX- L1002 JOHVNHIO
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The CMS Detector

M Pixels
B Tracker

B ECAL
B HCAL

l MUON Dets.
B Superconducting
Solenoid

Total weight: 12500 t
Overall diameter: 15 m
Overall length: 21.6 m

Magnetic field : 4 Tesla http://cms.cern.ch

91 J. Nash Future Colliders - IPMU



Minus end just before closure

/

o ‘. 1 “: it Tﬁ’é.i! it "i | '
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CMS Pixel system can be removed in a very
short time period

» 93 J. Nash Future Colliders - IPMU



Trial insertion of Pixel system

7

r
A
®

i

Insertion of the Pixel was done in a few
hours
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Reminder: CMS Upgrade

LS1/LS2

New Pixel Detector

Back End Electronics + PD
replacement

Trigger Primitive Transmission

ME4/2,MEI/I ,RPC endcap, Minicrate
spares, some CSC Electronics

Trigger | HCAL/RCT/GCT to uTCA

95

Scope

LS3

New Tracking System (incl Pixel)
HF/HE?
EE?
Electronics replacement

Complete replacement

J. Nash Future Colliders - IPMU



More luminosity means more pileup

The power of our
reconstruction this
year is extraordinary!

Because the LHC is
running with 50ns
bunch spacing, pile-up

is already at design
levels.

<pu>= 21

Event with 78 reconstructed vertices and 2 muons..

Recorded Luminosity (pb '/0.04)
(=) [ L2 [
e U o n

oo w

0
-] 40 e\ 20 16 30 -55 a0
Mean number of interactions per crossing

The inner tracking layers are crucial J
96 J. Nash Future Colliders - IPMU




Atlas Inner B Layer (IBL) upgrade

» A new tracking layer installed
inside the existing Pixel detector

»Installed around a new beam-pipe
with a smaller inner radius

»IBL Modules and staves - Status

» Sensors & Chips done, Bump-bonding:
processing of sensor and electronic
wafers
completed - first batch of bare modules
received, under assembly and
qualification

» First IBL stave assembled and
systematically tested

» Installed this shutdown

» 97 J. Nash Future Colliders - IPMU



Limitations in Phase 1

» Radiation damage due to integrated
luminosity.

Charge ratio

Inefflclency

baam, whe 142, 1, = 10 kHz V___ =42

&

bwam, oz 142, 1 =10 kHz, ¥ =50

&

beam, whe 142, 1 =10 kHa, ¥ ___ =00

&

beam, whbe 122, 1 =10 kHz ¥ =80
1 s i

g

calni, whe 142, | =10 kHz, L

107 immunm;u!qmm oul | 1:
Sensors designed to survive 6x10'n_ /cm? f ¥
(~ 300 fb"! ). | s .
n-on-n sensors degrade gradually at large | gsif : _
fluences ko - i
[Trr T rrrrprrot AL NI N B plz :
L - 1051 ;
at '
08 - A ] :
na:— N - -
oL ﬁ B I PSP PO APV PP PO
i 0 20 40 60 80 100 120
04 - Intenslity [MHz/cm?]
- 300 fb? i _ o
. ﬁ‘* ; Dead time will rise to ~12% due
i : to increase in peak luminosity
D_u...u...m...u...ﬁQOIh@.f
0 5 10 15 20 25 30

Fluence [10% n,g/cm?]

J. Nash Future Colliders - IPMU



CMS Phase I Tracking upgrade

Upgrade Outer rings
n=0 n=0.5 n=1.0 n=L.5
n=2.0_.. :
/ - n=2.5 - . Upgrade
/ ~Inner rings \ 4 barrel layers
50.0 cm 4’
A\ )
n=2.s T
Current Current
n=2.0
n=0 n=0.5 n=1.0 n=1.5 3 barrel layers

Upgraded Pixel Detector

4 layers: improved tracking efficiency (and lowers fake rate)
 Less material, better radial distribution
 New readout chip recovers inefficiency at high pileup

« Baseline L = 2x103%* cm=2sec! & 25ns = 50 pileup
« Tolerate L =2x10% cm2sec'! & 50ns = 100 pileup

« Survive Integrated Luminosity of 500fb-? (Layer 1 2x 250fb-")
* To be installed in Year End Technical Stop 2016-17
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Improvements with new inner trackers

—

c/light Jet Efficiency

—
QS
w

10%

2E34 cm™’s™

© light jet: Current pixel detector
* light jet: Phase 1:upgrade detector
* crjet: Current pixel detector :
" c-jet: Phase 1 upgrade détector :

, light jets

o upgrade
. (50PU)

i I ;‘ i i Lot

01 02 03 04 05 06 07 08 09 1
b Jet Efficiency

100

Average Tracking Efficiency (%)

—#— Current Pixel Dejc’mr

~{ —e— Upgrade Pixel D

IIIIilIII|IIII|IIIIFIIII|IIII

A T ol

L

()

PN SN A N N N AU

b 20 40 50

50 pileup

Substantial improvements in b-tagging and tracking
efficiency in the higher pileup environment expected

later in the decade

ol
100
Average Pileup
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CMS - Hadronic Calorimeter Upgrade

CMS will upgrade its Hadron
Calorimeter with new photo-

detectors allowing depth
segmentation

15 198?654321

\ I—[CAL HO

\\\\“\“\“\T\\\

HCAL - HB ECAL
Long. segmentation | wacker
Hcal o HB 3 segments
"t 4 HE 5 segments

Particle Flow With Depth Segmentation

Depth 3
16

Depth 2

Depth 1
0

=======:::-.-._'/
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Using particle flow to mitigate pileup

Muon Isolation _sopomnayane B
}‘ _| ||||||||||||||||||||||||||||||| ] > . -
O - - o | e Data Particle Flow . - i
P IO T Missing ET
Qo 5 . .
% *"“"‘*"""’“‘0—‘:.:'—_: : é B MC Particle Flow B4 reSO|UtI0n
ﬂ“uga__ i = 20-—0 Data MVA ¢ + -
: . a . . (@) _ ata & @ ]
ﬁu%:Efflt:lency Is stable in 2 T . ]
95~ . . — -+ MC MVA .
8 high PUenvironment | Z.15- T -
T 0,94 - g o’
ﬂ: : | 10__ a ? * 3§ -
LL - 7 - . . . L oo &
0092 MUONS ~e-Data, 2012 |~ 3y e
i [ Simulation | - o B
0.90 - CMS Preliminary, Vs = BTe".i’ 7 :
N NI A A NI A A AN SN B AN AN AN AN SN A S A AN N I I R R T R A B I B e e
5 10 15 20 25 30 35 40 00 10 20 30

Number of vertices Number of Primary Vertices
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Improvements in Higgs measurements
from Phase 1 detectors.

Ratio Phase1/StdGeom

CMS SLHC Simulation

1.6 e 1 7 CGMS SLHC Simulation
155(— [—— H->Zz->4e | S Q 165 [— ZHmmbb [
15— e @ 160 + PR |
145— mp=125 GeV S 185~ ZH — pu*p-bb
- = 150
14~ \s=14 TeV 2 145 MH=125 GeV
135 PU=50 8 qap- Vs=14 TeV
il il L35 pY=50 0
== e
1.25(— : +50% - : +65%
12— o 1.25 ! * .
121
1.15— H —) u -_)4I 115}
11— 140
1.05— R 1.05 -
T v || e— v
0.95
o.95—~I Y 0ol 1 % L L 1
0.9 | | ’ "oy Cang; ca 99 cg, "9, he, ltap,
Wae Accquhim a7 ;sasfr (, T e ,sasr ,*,zsep,,,anrn )Mm _\,M(zej 2) . SVengy ate ”%a;e,,, ° Nl 2ty o g ’fsf% hiz
flce OS paut *900g0. '906 ey( 0120 Mgy 58 e R
.’ep flj epto a!.rj Q s
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Detector Challenges
from LHC to HL-LHC

The trackers are the key detectors which will require upgrading for
HL-LHC Phase 2 — Pile up will reach above 140 events/crossing

» 104 J. Nash Future Colliders - IPMU



CMS -

What stays, what goes phase 2

Haios

Future Colliders - IPMU J. Nash



Reminder what CMS will need to upgrade
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Tracker Readied for Transport to Pt5

This will be replaced

107 Future Colliders - IPMU J. Nash



Phase 2 — ATLAS New All-silicon Inner
Tracker

Long Barrel Strips Short Barrel Strips

Forward Strips

0 i /
eta = 0.0 / / eta = 1.0 :
:. 7 7 = - : : - /"'/
o | LY [/ - ' '
- | \/ / . eta=2.0
E | ; - . . - i
= I / ) A . . - : I -
Ty} ! Vi L= : I E
S 7 s -
| ’ - ata=3.0 i .
— | Microstrip Module Prototypes
/3/47_./" = +— Forward pixel
| | | | | | | |
. 0.0 0.5 1.0 15 2.0 25 3.0 35
Barrel pixel
7 (m)

Baseline layout of the new ATLAS inner tracker
Aim to have at least 14 silicon hits everywhere

1 MeV neutron equivalent flusnce charged particle fluence

1

£ L] L - B M0 ¥ 4w
T femi

L] e 1 3O

! 0 Tl el e B
k@& collisions; integrated luminosity = 3000fb ferte 2012 2 {erm) JiNash Future Colliders - IPMU



Trigger performance as luminosity
increases will be vital

Both experiments will have major upgrades

to their triggers to allow more information
and processing

=
[\

é Y T 77 IsoMu24_PFiet30_PFJet25 Detad CentralPF JET%,;
— U ORI W NI - 6—
Sl E V3 g
L 0'12 g ] gT’artche_ Flow Jet Energy
T g I T O S | «peorections cured non- '
% 0-0.8 : S Run 20119t tmelevent ; 3__||r_1ear|’ues of hadronic
Y 7Y 21 NI N S N N N (N N N
0'0§3 T NUTI DOUIE VIR OO PO T I e - B B =

I- 1 111 1 111 ] L1 1 | 111 | 11| | 111
5000 5500 6000 6500 7000 7500 8000 8500 9000 q
Luminosity [10* cm2 s°7] uminosity ub-'s

Hadronic trigger versus
HLT Trigger processing

luminosity — vital to find/fix non-
linearities in the system

time versus luminosity
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ATLAS LVL1 Calorimeter and Trigger

» Key target is to maintain high efficiency for
Level-1 triggering on low PT leptons and
photons

» In the calorimeter this implies changes to the
front-end electronics to allow greater granularity
to be exploited at Level-1.

» Trigger upgrades include topological trigger,
cluster and jet energy processor, feature
extractors, muon sector logic and CTP

0.1 x0.1 0.025 x 0.1

n
Distribution of the R, parameter for electrons and jets,

defined as the ratio of the energy in the
3x2 over the energy in the 7x2 clusters of the 2nd layer of

the EM calorimeter.
110

L1 Rates [kHz]

220

=N ATLAS simulation
200
180+ <u>=46, L=2 x 103
160— =
- —a— ET>23GeV
140/ -
- + 5 . ET>23 GeV and Isolation
120 E_ - 4 E7»23GeV Isolated, R,>0.94
100 ++ »— ET>23 GeV, Isolation, R,>0.94
8-0— * + and E[%<0.8 GeV
-
50 +
401_ 4y ?i*.*
b « *"‘1-’-
20 ‘r e ey Y L B .
...... ‘,‘.*_*r'_t,t.t.t_x_xm: o Ea e
25 20 35 55

L1 EME; [GeV]
electron rate vs threshold

ATLAS simulation

—— Electrons
— Jets

05 055 06 065 07 075 08 085 09 095 1
R

n
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CMS Level 1 Trigger Tioq B

» The trigger/daq system of CMS will
require an upgrade to cope with

the higher occupancies and data
rates at HL-LHC

» One of the key issues for CMS is
the requirement to include some
element of tracking in the Level |
Trigger

One example: There may not be
enough rejection power using the
muon and calorimeter triggers to
handle the higher luminosity
conditions at HL-LHC

» Adding tracking information at Level |
gives the ability to adjust P; thresholds

» Single electron trigger rate also
suffers

Isolation criteria are insufficient to
reduce rate at L = 1035 cm2s°

111

discrimination for
P;>~20GeV/c

PR generator
10 | L1 s
S s
© L2 §
o F, las o L2 + isolation (calo) q
10" % x L3 -
i OO St e
3 b
10 I e
.'R' N ...I.‘l;l !

10
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T T ITTTT
3

LT
.“HHHuuU""
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10 20 30 40 50 60
p; threshold [GeV/c]
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Phase II — CMS Track Trigger

» A completely new
tracking system

Able to handle the very

extreme environment
High pileup implies high
occupancy and in some
areas high radiation
exposure

Able to participate in the

Level | Trigger Decision

112

Take advantage of large magnetic
field of CMS

Correlate hits in two close silicon
detector layers

Higher Pt objects will be
correlated between layers

Form Pt Stubs

\ D

Searc
Windo

J. Nash Future Colliders - IPMU



CMS Tracker with L1 trigger — concepts being explored

Conventional
approach o
f 1200’_—
_ 1000 o o
800 :—
ﬂo o T
400 ___
200 —
o
A
Aggressive N
approach
Top detector ,'\\
\ A
Long (I cm) strips /I
15° sector

Barrel + Endcap: generic approach

0.6 1.8
/ ya yd Z = o —
________ |||| |||| |||| |||| ||” |||| ||||
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ATLAS Fast Track Project

* Fast TracK (FTK): Global
hardware based tracking by
start of L2

114

Descendent of the CDF Silicon
Trigger (SVT)

Inputs from Pixel and SCT.

Data in parallel to normal read-out.

Provides inputs to L2 in ~ 25 us
with track parameters at ~offline
precision

for b tagging, tau ID and lepton
Isolation

Two phases:
« Pattern recognition (109)
« Track fitting

Pattern recognition in coarse resolution Track fit in full resolution (hits in a road)
(superstrip=>road) FXy, X, Xg, .0 ~ 8+ 31AX; + 3,A%, + 3AX3 + ... =0

— New High Speed Optical link (HOLA)
cards installed with dual outputs to allow

testing of FTK functionality with real data
ATLAS

High pT u\l.%
| " N

D,‘J\Ffmcted

protons

LHC beam

- 3D Si
214 m D sSi

Timing

PAlport
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LHCC Meeting March 2004

Activity
First use of Micro-electronics
First use of CMOS
Eurochip / Europractice
Establish CERN MIC Group
Micro-electronics User Group
LEB / LECC Workshops
SSC R&D / DRDC
Establish Electronics Infrastructure
R&D for LHCC
IBM 250 nm Partnership
Proposed IBM DSM Partnership
Experiment Technical Proposals
Build LHC Experiments
R&D to Upgrade LHC Experiments

Over View

115

1 2 3 4 5 6 7 8 9 10
1984 1985 1986 1987 1988 1989 1990 1991 1992 1993

11 12 13 14 15 16 17 18 19 20

Setting up Electronics InfrastructujgiinR/gu (o3¢
1 2 3 4 5/ 6, 1 2 3 4

Future Colliders - IPMU

19941995 1996|1997 1998 1999 2000 2001 2002 2003

LEP Si
Delphi ++H
Electronics Design Tools Continuation of E:uropractice
I continuation of Vvorkshops
SSC DRDC

DRDC followed by Experiments

IBM 250n

iev s |

R&D Production

Production

5 6/7/8 910 1 2|3 4

Peter Sha

21 122 23 24 | 25 26
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

R&D Production

Ré&D for SHC Production
5 6 2 3 4 1 2 3 4 5
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Time needed for Phase II R&D

» There were about |0 years of R&D for the initial build of
The LHC detectors

» Followed by
2 years proto-typing
5 years production-install-commission
» To get a new big detector ready by 2022 the timescale of
2014 for a Technical Proposal (first design) just fits.

The detectors for phase Il are the same scale as major sub-
detectors were for the LHC, and technically more complex

» We will need to ensure we are doing enough focused
R&D to be ready to make designs and decisions.

116 J. Nash Future Colliders - IPMU



Big Questions

» Can the theoretical errors which will limit the extraction
of the Higgs coupling constants from the LHC data be
reduced?

» Is there anything we should be looking for at the LHC
which we are missing?

» Will the experimental data lead the theorists or will the
theorists lead the direction of the experimental searches
in the next phase of LHC operation?

» If we find something new (example SUSY), are there new
tools/observables we can use to deduce the spectroscopy
of new states?

117 J. Nash Future Colliders - IPMU



Conclusions

» The physics programme for the LHC machine will be rich
for the coming decades

» Maximizing the physics this machine can deliver will
require efforts to keep increasing the luminosity

» Increased luminosity will require changes in the detectors
to keep delivering improving results

» The roadmap of changes for this decade is well described

» There are substantial challenges for the machine and the
detectors in delivering and using the luminosity in the
next decade

There is much work to do now — a perfect opportunity for the
next generation to design and build its LHC detectors

118 J. Nash Future Colliders - IPMU
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