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The Highlight of the LHC Program

The Higgs Boson arXiv: 1606.02266

e Measurements of properties ATLAS and CMS -+ Observed =10
LHC Run 1 Th. uncert.

In progress @13 TeV

e So far, appears consistent
with SM predictions

e Precision measurements are
required to understand
electroweak symmetry
breaking

e Higgs could also be a portal
to BSM physics

4 6 8 10
o - B norm. to SM prediction

Major motivation for HL-LHC 2




The HL-LHC Physics Program

LHC is a discovery machine
Many ongoing searches...

Indications here and there but no
conclusive sign of new physics yet

Today
Higgs Physics
Exotics Bump Hunting
Dark Matter Searches

Search for Long Lived Particles

Supersymmetry

Gauge bosons

fermions
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Why the High-Luminosity LHC?
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Goal of HL-LHC project: magnets reach the end of
° 250 _ 300 fb-1 per year their useful life (due to
. 1 radiation damage)
3000 fb-! in about 10 years and must be replaced.




High-Luminosity LHC Plan
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We are here!
~35 fb-1 collected in Run 2 CEPC startup?

HL-LHC goal is deliver 3000 fb-1 in 10 years

Implies integrated luminosity of 250-300 fb-! per year
Requires peak luminosities of 5-7x1034 cm-2s-1 while using luminosity leveling
(3-5 hours at peak luminosity)

Design for “ultimate” performance 7.5x1034 cm-2s-1 and 4000 fb-1




" 2 CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service tunnels and 16 superconducting ,crab”
2 shafts near to ATLAS and CMS, cavities for each of the ATLAS
and CMS experiments to tilt the

beams before collisions.

FOCUSING MAGNETS |
12 more powerful quadrupole magnets
for each of the ATLAS and CMS 2o

expenments, designed to increase the
concentration of the beams before

SUPERCONDUCTING LINKS BENDING MAGNETS

Electrical transmission lines based on a COLLIMATORS 4 pairs of shorter and more
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement powerful dipole bending magnets
current to the magnets from the new service collimators to reinforce machine protection, to free up space for the new
tunnels near ATLAS and CMS. collimators.

CERN Novembee 2016




Focusing magnets

Beam more focused before the collision

Magnetic field:

12 more powerful
8 Tesla (LHC)

quadruplet magnets

for ATLAS and CMS
experiments

12 Tesla (HL-LHC)

Superconducting material:
Niobium-Titanium alloy (LHC)

Niobium-tin (Nb;Sn) compound (HL-LHC)



Squeezing the beam at IP

Quads for the inner triplet o e o erormagnets

Decision 2012 for low- quads " HL-LHC
Aperture 9 150 mm - 140 T/m o Nb.sn e
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Crab cavities

Tilt the particle bunches before collision

in order to increase the area where they meet

Crab cavity

Collision
with
Crab cavities

Collision
without
Crab cavities

4 crab cavities to be installed close to each
ATLAS and CMS experiments

(Installation LS3)



Machine Protection System

Collimators to reinforce machine protection system
(15-20 new; 60 replacements)
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Bending Magnets

Short bending magnets
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Civil-engineering work

2 new ~300-meter long service tunnels to

be excavated near ATLAS and CMS
House equipment sensitive to radiation

. e.g. Power converters (AC from network to
high-intensity DC for magnets)

12



New Superconducting Transmission Lines

New electrical transmission lines will connect power
converters to accelerator magnets

Cables made of high-temperature
superconducting material (Magnesium diboride)
e Operate at 20 Kelvin

e Record current intensities: < 100,000 Amps

13



HL-LHC Schedule

Construction project has been approved
LHC / HL-LHC Plan ﬁ,&i

|
Run 1 | ] Run 2 | Run 3
LS1 EYETS 14 TeV 14 TeV
131 Tov P eneray
iniector uoarade . 5107 X
eryo Poin cyoimt | MLAMCinstallation | romesl

splice consolidation
cryo Point 4
Civil Eng. P1-PS regions

8 TeV button collimators
7 TeV A2E project

raalatmn

damage
2 x romind luminosity P
— experiment upgrade p—" : 1 experiment upgrade
phase 1 phase 2
Integrated

luminosity

2015 2016

2012

201

experiment namiral umino=ty

r?-m nal beam pipes
luminasty /
300 fb!

Lay-out, permits, .
Excavation
tenders, od
preparation perio

Prototypes/Spec

Specifications FAV
FAV = Fabrication, Assembly and Verification




The High-Luminosity Challenge

Very high pile-up Very intense radiation

EXPERIMENT

L=

"'”L'mﬂ_ Y

800 1000 1200 1400 Z[cm]

Major experiment upgrades needed to:

e Improve radiation hardness and replace detectors at end-of-life

e Mitigate pile-up (high granularity, fast timing)

o Allow higher event rates to maintain trigger capabilities
Goal is to maintain or improve current physics performance

15



ATLAS Detector Upgrades

Calorimeters

2 New BE/FE electronics
2 New HV power supplies
o Lower LAr temperature

Tracker
All silicon tracker (strip and pixel)

Low material budget
Coverage up to |n|=4

C C© C© C

Radiation tolerant, high granularity

Muon System
> New BE/FE electronics
> New RPC layer in inner barrel

2 Muon-tagging in 2.7<|n|<4.0
(under study)

lorimeter Liquid Argon Calo

(Timing detector)

2 High granularity
timing detector

o Coverage: 2.5<|n|<4.2

Possibly absorber
for |n|<3.2

oroid Magnets  Solenoid Magnet SCT Tracke

Trigger and DAQ
0 LOrate at ~ 1 MHz
(latency up to 10 ps)

o Possible hardware
L1 track trigger

o HLT output ~10 kHz




CMS Detector Upgrades

Endcap Calorimeter Barrel Calorimeter
> High-granularity calorimeter > New BE/FE electronics
based on Si sensors ) ECAL: lower temperature
o Radiation-tolerant scintillator » HCAL: partially new scintillator
> 3D capablllty and t|m|ng ’ ) Possibly precision timing layer

‘W'.

Tracker
O Radiation tolerant, high granularity
0 Low material budget

> Coverage up to |n|=4

o Trigger capability at L1

o
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Muon System

> New Be/FE electronics
o> GEM/RPC coverage in 1.5<|n|<2.4
> Muon-tagging in 2.4<|n|<3.0

Trigger and DAQ

0 Track-trigger at L1

e > (latency up to 12.5 ps)
| O L1 rate at ~ 750 kHz
\\\ o HLT output ~7.5 kHz




Higgs Physics at the HL-LHC

A natural benchmark for detector design



Higgs program at the HL-LHC

Major component of the HL-LHC physics program

Main Higgs measurements at HL-LHC:
- Higgs couplings
Higgs self-coupling
Rare Higgs decays
Higgs differential distributions
Heavy Higgs searches

Higgs Production @ HL-LHC Higgs Decay Channels
3000 fb

100000000 :3()()() ft)_1 m Total Events

100000000 10000000

1000000

HH ~100k

100000

10000000 10000

1000

1000000

LHC: the first Higgs factory




Analysis Strategy for HL-LHC Projections

HL-LHC analysis projections done in two ways

e Parameterized detector performance

e Generator-level particles smeared with detector performance
parameterized from full simulation and reconstruction of upgraded HL-LHC
detectors

o Effects of pile-up included for either:
* L=5x103*cm2s1(140 pile-up events)

* L=7x103*cm2s1(200 pile-up events)

e Analyses based on existing Run 1 analyses with simple re-optimization for
higher luminosity

e Extrapolation of Run-1 or Run-2 results
e Scale signal and background to higher luminosities
o Correct for different center of mass energy
e Analyses not re-optimized for higher luminosity

o Assume same detector performance as in Run-1/2 (some use corrections
based on studies from first approach)

20



Systematic uncertainties considerations

e Large HL-LHC statistics = often systematics become dominating in
precision measurements

o Difficult to predict how they will evolve with luminosity/time

e Both experiments start from current systematics with slightly
different approaches:

Xperimentai and
uits provideda with current tneory theory systematics
M4tics ana witnout tneory S<. experimental scaled

Iiuminosi Ly (L/+vL)untii

acnievapie uncer

Ine current theory sys

o Both approaches aim to bracket the achievable precision




Projections for Higgs Couplings

Full set of HL-LHC coupling projections are based on ATLAS Simulation Preliminary
Run-1 analyses s =14 TeV: [Ldt=300 o' ; [Ldt=3000 b

Iillllllllllllllll[l
>4

ATLAS: used u=140 B | ATLPHYS.
CMS: same as Run-1 performance o

ooooooooo
16660666664 :
1960666060664 :
$64000000

Higgs coupling precision (per experiment): == —
W, Z and y: 3-5%
THET &7
t, b and 1: 5-10%

Do not include improved detector designs or | Bl
improvements in analysis techniques s AT AT T N ]
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Projections based on Run 2 analysis

CMS-DP-2016-064

H— yy projections updated based on 13 TeV (12.9 fb-!) analyses

CMS Projection 300fb" (13 TeV) CMS Projection 3000fb™ (13 TeV)

—— ECFA16 St . ECFA16 S1
H_),YY C 6S ;) +
— ECFA16 S2 —— ECFA16 S2+

Y R
H s
+0.04 (stat.) + 0.08 (exp.) + 0.06 (theo.) +0.01 (stat.) = 0.08 (exp.) + 0.06 (theo.)
‘ ‘ theo. \ +0.01 (stat.) £ 0.02 (exp.)* 0.03 (theo.)

Y
llggH

300 fb-' | [ 3000 fb-1

HYY

0.2 0.3 0.4 0.5 | . . 0.2 0.3 0.4 0.5
expected uncertainty expected uncertainty

Added expected degradation at y = 200
Beamspot ~5cm
Vertex identification reduced from 80% to 40%
Photon ID efficiency decreased by 2.3% (10%) in EB (EE)
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Projections based on Run 2 analysis

CMS-DP-2016-064

H— yy projections updated based on 13 TeV (12.9 fb-!) analyses

CMS Projection

H—yy . .
S cial vollme Theoretical uncertainties

Py, ) > % ( % )m_ —— ecratssi become dominant at HL-LHC

gen ¢
™ (7, )l <25

gen e ECFA16 S2(+)

ISOg_o5 (7, ,) <10 GeV

(300 fb™")

Oiig

Measure

Fiducial cross sections

Decouple theoretical
uncertainties

(3000 fb ™)

Oiig

a0 _
) 8 10 12 14 Can achieve ~4% uncertainty

relative expected uncertainty (%) o1




Projections based on Run 2 analysis

CMS-DP-2016-064

H— ZZ projections updated based on 13 TeV (12.9 fb-1) analyses

CMS Projection 300 fb' (13 TeV)
H—ZZ" — 4] —— ECFA16 S1 —— ECFA16 S2

+ 0.05 (stat.) = 0.07 (exp.) = 0.07 (theo.)
+ 0.05 (stat.) = 0.04 (exp.) = 0.04 (theo.)

300 fb-1

0.2 | 0.4 0.6 | 0.8
expected uncertainty

CMS Projection 3000 fb' (13 TeV)
H—Z2Z" — 4] —— ECFA16 S1+ —— ECFA16 S2+

+ 0.02 (stat.) = 0.04 (exp.) = 0.07 (theo.)
+ 0.02 (stat.) = 0.03 (exp.) = 0.03 (theo.)

3000 fb-1

0.2 0.4 0.6 0.8
expected uncertainty

Added expected degradation at p = 200
Reduced lepton efficiency
Increased misidentification




H— ZZ - Differential p-(H) Cross Section

CMS Projection 300 fb' (13 TeV)

t Toy Data (stat.®sys. unc.)
Systematic uncertainty (ECFA16 S1)
Systematic uncertainty (ECFA16 S2)
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CMS Projection 3000 fb! (13 TeV)
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Systematic uncertainty (ECFA16 S1+)
Systematic uncertainty (ECFA16 S2+)
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Can make precise differential pt(H) cross section measurements
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Higgs Self Coupling - A,

A major goal of HL-LHC: Measurements of Higgs pairs production

% () l
% At % ‘
Extremely small cross section: 0 ~41fb £ 11%
HH Branching ratio é%tgloyf'gl_?)
bb + bb 33% 40,000
bb+WW 25% 31,000
bb + TT 7.3% 8,900
ZZ + bb 3.1% 3,300
WW + 1T 2.1% 3,300
LZ+\WW 1.1% 1,300
Yy + bb 0.26% 320
YY + VY 0.0010% 1.2

Requires full HL-LHC luminosity to reach SM sensitivity
Need to combine all channels 27



Higgs Self Coupling Projections

CMS extrapolation from Run-2 analyses
Channel Median expected Z-value Uncertainty

limits in u, as fractionof y, =1
ECFA16 | Stat. ECFA16 | Stat. | ECFA1l6 Stat.
S1|S2 | Only | S1 | S2 [Only| S1 | S2 | Only

gg — HH — 9ybb (S1+/S2+) | 1.3 |13 | 13 | 1.6 | 1.6 | 1.6 | 064 | 0.64 | 0.64
gg — HH — t1bb 74 52| 39 |028/039| 053 |37 | 26 | 19
gg — HH — VVbb 48 | 46 0.45 | 0.47 24 | 23
gg — HH — bbbb | 70 | 29 0.39 | 0.67 | 25 | 15

ATLAS simulations (HH—bbbb is Run-2 extrapolations)
Channel Expected limit in p Significance Limits on MA,, at 95% CL

Full Stat. Full Stat.
Syst. only Syst. only

gg—HH—YYbb | pis 261u01s 1.30 -1.3<NMA,,<8.7

\
ATL-PHYS-

gg - HH - 1Tbb PuB-2015-046 4.3 0.60 -4<)\/)\SM<1 2

gg ~ HH - bbbb elezoiecs 5.2 1. -3.5<MA, <11 0.2<MA,<7

ttHH - t,_t, bbb eUsz0i5.023

Full Syst. Stat. only




Higgs: A natural benchmark for detector design

The design of the upgraded HL-LHC detectors is a complex process:
Want ultimate performance, but limited by cost and time for upgrade during
long shutdown

Higgs measurements are corner stone of the HL-LHC physics program
Provide prime motivation for many upgrades beyond current detector
capabilities

Will provide some examples 29



Extended Trackers at ATLAS and CMS

ATLAS and CMS plan to extend tracker T —
coverage to n~4 with pixel extension e

L 1’]:1.0

I

Multiple benefits:
- Extended lepton coverage (with forward
muon tagger)
- Forward b-tagging J e
- Improved vertexing T L PR U
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Primary benefit is pile-up suppression
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Suppression of pile-up jets
At u=200, every events has ~5 pile-up jets (pt>30 GeV)
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KCan suppress these by using tracking\
to associate them to either pile-up or

hard-scatter vix

\s=14 TeV, < u>=200 ATLAS Simulation Preliminary

Inclined Barrel track,i

o, = 50mm e ZEPV+ZZT
Pythia8 dijets Pt

20<p"f‘<4o GeV

— nl<1.5
— 1.5<Inl<2.9
— 2.9<Inl<3.8

3
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Efficiency for hard-scatter jets
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forward tracking

Most important for VBF processes

p_ >30 GeV,u=200,€ =2%
T,j PU

Pile-up jets per event versus n

* No Track Conf.
* Reference
 Middle

e Low

Without
forward tracking
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Jet-PV association in VBF events

For VBF Higgs production needs to use jets out to n~4

CERN-LHCC-2015-010 14 TeV. PU = 140
CMS Phase Il Simulation

—
N

O Nno pixel extension VBF H-11
e default pixel extension

— leading VBF quark [n| (arb. norm.)

--- subleading VBF quark [n| (arb. norm.)
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Higgs VBF - WW — ev pv Analysis

ATL-PHYS-PUB-2016-018
Physics gain of forward tracker studied in H=WW analysis

ATLAS Simulation [t mwz/zz

’ p BEww  [JSingle Top
Vs=14 TeV, 3.0 ab W z+jets [JW+jets
200} VBF H - WW — evuy MlogFH {;VBFH

Simple cut based analysis:
- 2 forward jets (Inl>2) in opposite
hemispheres
No other jet above 30 GeV in
between jets
e/p in between forward jets
Missing Et>20 GeV

Events after selection:
~ 200 signal events
~ 400 background events from tt and non-VBF Higgs

™
o
o
~~
(2}
fd
-
o
>
LL

Tracker Ay Significance (o) ]
coverage Full 1/2 None | Full 172 *‘mﬁ:« Different levels

nl<4.0 020 0.16 014 |57 7.1 80 | of theoretical
In|<3.2 025 021 020 | 44 52 54 uncertainties
In|<2.7 0.39 032 030 | 27 33 3.5 on Higgs production

Factor two gain in precision from extended tracker coverage



High-granularity timing detector

Additional pile-up rejection can be achieved using precise timing

Minimum bias

High-granularity gcintillators
timing detector YA

Possible Tungsten absorber for Inl<3.2

Different time of flight and
different collisions times
in event

ATLAS considering thin timing device
Four layers silicon sensors
Coverage for 2.4<lIni<4.2

Timing target: 30-50 ps per MIP

Provide extra sensitivity for VBF
e Possible to also enhance jet trigger

# of hits / 30 ps

VBF h(125 GeV)-sinv.

ATLAS Simulation Preliminary

HGTD-Si

All layers
G, = 30 ps

fs=13 TeV, u=200

ATLAS LAr

— signal jet, p=200
signal jet, pu=

t- 1 [PS)

# of hits / 30 ps

VBF h(125 GeV)-inv. f5=13 TeV, n=200

ATLAS Simulation Preliminary

HGTD-Si — signal jet, =200
All layers — signal jet, u=0
c,=30ps

00 406600 8061000
t-typ [pS]
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Timing detectors in CMS

Endcap calorimeter (1.5<Inl<3) replaced by
multi-layer silicon-based calorimeter
Current calorimeter not rad-hard enough

I =2eI=ES SEST==8 [S2 (528 [=20(S 0
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R
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g "//'r
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[ )
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'Y o

o apapaegeseresaeaeg
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Use of silicon allows intrinsic time
resolution down to 50 ps for large signal

i; f BéalbEs] BH =3[ ==a(5 -2l

e IEIE I CTERERFER
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gl {5 et ool
h v :

RycEapapoegegegegear

t
#

\ e Barrel calorimeter electronics upgraded to
[ T also provide precision timing (30 ps)

| cooooooacacaeacsapsacsicg? | [ R e

e Additional timing layer for charged
particles in front of calorimeter under

_Back thermal screen I consideration
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H— vy y with Timing Detector

4 Vertex selection efficiency
drops with increase in pileup

~80% now — ~40% at g = 200 pileup

 Results in large degradation of mass

resolution
 Impact on fiducial cross section

measurement

With full use of calorimeter and
charged particle timing information
vertexing efficiency can be almost

full recovered

Corresponds to effectively
30% more luminosity

\_

arbitrary units

3000fb™" (13TeV)

CMS Projection
H—yy

ﬁducial volume : S2 (800/0 Vertex Efﬁciency)

gen 1,1
Py (v, (2)) >z(z)m,
el (v, JI<25

Is0p_g5 (¥, ,) < 10 GeV

S2+ Optimistic (75% Vertex Efficiency)
S2+ Intermediate (55% Vertex Efficiency)

S2+ Pessimistic (40% Vertex Efficiency)

S/(S+B)-weighted

0§§=1 71 GeV
signal models

125 130 135 1 11 12 13 1.4
m,, (GeV) o_, relative to S2 (GeV)

CMS Projection 3000fb™ (13TeV)

H—yy

fiducial volume :
PE" (1, ,) > 3 ()M
™ (1, )l < 25

Is0p0.5 (Y, ,) < 10 GeV

stat. © exp.
YY
stat. only

S2 o012 (stat.) + 0.029 (exp.)

S2+ (Pes.) 5077 (stat.) = 0.030 (exp.)

S2+ (Int) <5576 (stat) £ 0.037 (exp)

S2+ (Opt) 6075 (star) T 0.037 (exp.)

-1 0 1 2 3 095 1 1.051.11.151.2
relative expected uncertainty on o, (%) uncertainty relative to S2




Exotics Bump Hunting



ATLAS Dijet (bump hunt)

Powerful search technique for new physics,
model-independent as long as a sharp resonance
Many interpretations possible

Discovery reach for excited quarks (q*)

ATLAS simulation preliminary

\s=14 TeV
—e— simulated data %
—— background 3000 fb"
IL dt = 200.0 fb™ ; A =it - Current limit (4.09 TeV)

~~_Injected 6 TeV
qg* signal
A

68% and 95% bands

8 TeV @ 3/ab

—

' N
ATLAS simulation preliminary ~~

2 3 4 5 6 7 8 9 10
Mass [TeV]

significance

N LYOLNWARO
1]

38



ATLAS Dijet (bump hunt)

Powerful search technique for new physics,
model-independent as long as a sharp resonance
Many interpretations possible

Discovery reach for
Quantum Black Holes

CMS Projections @ 3/ab

ATLAS simulation preliminary
\s=14TeV

QBH sensitivity scan .
tparameter-f Discovery of
SSM W” masses up to 7 TeV

o)
b
>
=
@
o
=
=
=,
>
—
o
>
O
Q
R
©

Exclusion limit
m(W’ ->tb) > 4 TeV @95% CL

Exclusion limit
m(Z’) > O(4 TeV) @95% CL

(depending on resonance width and systematics)
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Dark Matter

LHC searches complement direct detection experiments

40



Summary of CMS Dark Matter Results

CMS Preliminary Dark Matter Summary ICHEP 2016

-
N
o
(@)

Axial-vector mediator, Dirac DM
g =025g =1
q DA

—_
o
o
(@)

Observed exclusion 95% CL

Dijet [EXO-16-032]
+ [arXiv:1604.08907]

~___ Boosted dijet
- [EXO-16-030]

DM + IV
aq

TEXO=16:037]

TT—

DM +v
[EXO-16-039]

.,_J [EXO-16-038]
||||||||||||||h||| R S N S R S N N T N N N R R B

500 1000 1500 2000 2500 3000 3500 4000  450C
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Dark Matter at the HL-LHC: MET+monojet

CMS-DP-2016-064

Pseudoscalar Axialvector
spin-0 mediator spin-1 mediator

CMS Preliminary Simulation 3000 b (14 TeV) CMS Preliminary Simulation 3000 b (14 TeV)
1600
Pseudoscalar, go“=1, gs“ =1 Axialvector, gw=1, O = 0.25
nominal: EXO-16-037 extrapolated to HL-LHC 1400 nominal: control of systematics same as EXO-16-037
nominal/2 nominal/2
. EXO-16-037 luminosity scaled 1200 nominal/4

1000
<}:| MET Systematics

Lepton ID/Iso Statistics 800

dominated dominated

600

400

200

800 1000 500 1000 1500 2000 2500 \000 3500 4000 4500
M__, (GeV) T+ M (Gev)
Not accessible to direct detection Suppressed in direct detection
Only LHC provides sensitivity LHC provides complementary sensitivity

‘nominal’ : scale the uncertainties at low MET dominated by the systematic uncertainties on
lepton ID/Iso to HL-LHC recommendation, scale the systematics at high MET by luminosity 42



Long Lived Particles (LLP)

A new focus at the LHC



Special Signatures from LLP

displaced
dilepton

snnnn Neutral B BSM

= Charged B lepton

3Ny Ccharge B quark
photon

B anything

disappearing displaced
track 2 lepton

displaced : displaced
dijet . . photon

CMS displaced displaced

vertex

Inner Tracker conversion

e Non-standard objects, custom trigger/reconstruction/simulation
e Need to maintain dedicated detector capabilities 44




Special Signatures from LLP

CMS long-lived particle searches, lifetime exclusions at 95% CL

RPV SUSY, T — bl, m({i) = 420 GeV _ _
8 TeV, 19.7 b (displaced leptons) Slg nature driven SearCheS,

cover variety of SUSY and

H— XX (10%), X — ee, m(H) = 125 GeV, m(X) = 20 GeV
8 TeV, 196 " (displaced leptons) _ non-SUSY mOdels and searches

for BSM Higgs

H— XX (10%), X — uu, m(H) =125 GeV, m(X) =20 GeV
8 TeV, 205" (displaced leptons)

T T et [ ] The LL program is sensitive to a
GMSB SPS8, 7 — & v, mEZ) = 250 GeV wide variety of lifetimes, from well
8 TeV, 19.1 fb” (disp. photon timing) -

before the first active layer to well
after the last active layer of CMS

RPV SUSY, m(d) = 1000 GeV, m(% ) = 150 GeV .
8 TeV, 185" (displaced dijets)

APV SUSY, m(q) = 1000 GeV, m(-?_'_:') =500 GeV .
8TeV, 185" (displaced dijets)

T L e ]

8TeV,195f" (disappearing tracks)
cloud model R-hadron, m(g@) = 1000 GeV
8 TeV, 186 fb" (stopped particle)

AMSB 7, tan(p) = 5, u > 0, m(3) = 800 GeV
8 TeV, 188 fb" (tracker + TOF)
AMSB 7", tan(g) =5, u >0, m(¥)) = 200 GeV
8 TeV, 188 fb" (tracker + TOF)

1 llllml 1 lllllul 1 lllllul 1 lllllul 1 llllull 1 llllll‘ 1 lllllul 1 llllml 1 lllllul 1 lllllul 1 lllllul 1 lllllul 1 llllll‘ 1 lllllul 1 llllu]l L1l

/}%‘4 ? 1 '\02 10° 10° 10° 10" 10"

outer radius: beamspot i CMS
beampipe

pixels tracker

ct [m]
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New Detectors to Explore the Lifetime Frontier

ArXiv:1606.06298
MATHUSLA: MAssive Timing Hodoscope for Ultra Stable neutralL pArticles!!

Two possible Iay?uts

100m | }20m Surface Detector i (top-down view)
L]
70om —t——+F—
i ATLAS
100m (side view) ] 100m or
: O B

---- ATLAS
(exclusion)

— mx=5GeV — mx=20GeV — mx=40GeV — MATHUSLA
(4 events)

ATLAS or CMS

Possible design

S
Q
(]
2
SM decay Passing — 0.001 *% o)
products SM particle(s) § E N2
i X
= £ . RPC layers] 1} s > 7
20m I VAir Decay Volume 5 g bé
£ =
< > () E _ -2
200m \ 107 *z \/; - 14 TevV| = 10
Z -3
B 1 m {10
) 3ab o)
10—9 Q | | | | ] | ] | ] | ] 10_4
0.001 0.100 10 1000 10° 107
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Supersymmetry

Focus on scenarios previously not accessible

Low cross sections and compressed mass spectra

47



Direct Production of stau Pairs

ATL-PHYS-PUB-2016-021

Assume 100% BR to SM tau and LSP. 4

Signature: b : .
- X1

e 2taujets (hadronlcally decaying tau)

* Large MET (from){l ) S~<o 0
T Xi
Main background: W+jets, ttbar p <
Selection: 2 OS taus, loose jet and Z-veto, MET>280 GeV T
Define signal region (SR) in m(t1) + m,(t2)
> '104=ll L B L B L S SRR _
8 ; ATL.A.S Simulation —_— (3' 500 :_ ATLAS Simulation Prel|rT:|nary _:
o [ Preliminary B ttbar = UL \s=14TeV, L =3000fo", <u> =200 i}
Lo 10°E \s=14TeV, 3000 fb diboson e r 0,=30%, 5.6 discovery i
2 - - e 6, =30%, 95% excl Precision of bkg -
S 102k W00F G505 discovery impacts sensitivity.
L% = [ - Gy =50%, 95% excl e _
= C Oy g=20%, 5 G discovery PRSICi N 7
10 300~ Og=20%, 95% excl 5 e RS i
e B /’_;,::" -’ N \ \“‘\‘ :
1 ;_ "-:__-;jrj:""' ----‘_ | e RSRRtmsey LT 200 :_ e L ‘ _:
10" 100 .
oz : B

I« AT EFRETNEN AN WA I SRR BRI AL
900. 200 300 400 500 600 700 800
400 500 600 700 800 900 1000 Dlscovery reach m, [GeV]

M. +M, [GeV] 430-520 GeV @ 3/ab depending on bkg 48



Compressed mass spectra
Scenario with low stop-neutralino mass difference

(m'F? Mo ) =m,
1 X1
Project sensitivity of 2-lepton channel (needs
luminosity), key to study stop properties (e.g. spin).

Events / 10 GeV

Signature: 2 leptons + 2 b-jets + MET

106 _I LA I L I O L B B LI N L O B B B B I— QO 1 1 T I T I T ——

= - s = o e ITTT]
= ATLAS Preliminary tsf‘a“da"’”“’e' 3 QT T e 3
iy : - os e e =
10° & Simulation . W — 102 G --------------------------------- -
= s=14TeV, L =3000fb", p=200  pmm 1tz S . _ . =
4 — Others . 10_3 G‘-n-.d‘_;
10 = e T, m, 7))=(350,177) Gev "3 e =
35 -------- T, m(t, 7,)=(700,527) GeV = 1074 - 46 S =
10°E RS + Discovery reach -
=  10°% 5, 500GeV@3/ab =
= < 3
10 = :
= , ; 107 ’ e e , =
- — t.t, production =
1 = 107 m -m,=173GeV
= . ool ATLAS Preliminary Simulation ... Expected p, S
10_1 E_I |- l L1 | l | | | | l | | | | | | | | ..E \{g=1 4 Tev ! L = 3000 fb-1 ’ l‘l=200 ...... EXpeCted po WIth 300 fb1 a

-110U | | | | | |
0 20 40 60 80 100 120 140 160 10754, 400 500 G0 700 800 900 1900
f1

my(Pr,1, PT,2,qT) = Min qT{maX[ mr(pr,1.qr,) mr(Pr2qr2) 1}, | Mo [GeV]
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Final remarks and outlook
High-Luminosity LHC is now a construction project

High-Luminosity LHC very challenging environment
— Major detector upgrades being planned to cope with it

— Higgs precision measurements are a main physics driver for detector
upgrades

— Expect upgraded detectors to match current performance in most
areas even at highest pile-up levels

Rich BSM physics potential for HL-LHC

Several projections and full analyses for a variety of existing benchmark
channels (heavy bosons, DM) reaching O(5-10 TeV)
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Backup Slides



First short model focusing magnet

CERN - US LARP collaboration

Design and Nb3Sn coils by CERN and
LARP together (50%-50%)

Full collider characteristics.
Final length will be 3 to 5 times more

First short model magnet MQXFS1 (1.5 m)
Inner triplet Quad final cross section diameter(150 mm)
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Extrapolation strategy for ECFA16 projections

Public results are extrapolated to larger data sets 300 and 3000 fb-'. In order to summarize
the future physics potential of the CMS detector at the HL-LHC, extrapolations are presented
under different uncertainty scenarios:

S1 All systematic uncertainties are kept constant with integrated luminosity. The performance of the
CMS detector is assumed to be unchanged with respect to the reference analysis.

S1+ All systematic uncertainties are kept constant with integrated luminosity. The effects of higher
pileup conditions and detector upgrades on the future performance of CMS are taken into account.

S2 Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic uncertainties
are scaled down by the square root of the integrated luminosity until they reach a defined lower limit
based on estimates of the achievable accuracy with the upgraded detector. The performance of the
CMS detector is assumed to be unchanged with respect to the reference analysis.

S2+ Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic uncertainties
are scaled down by the square root of the integrated luminosity until they reach a defined lower limit
based on estimates of the achievable accuracy with the upgraded detector. The effects of higher pileup
conditions and detector upgrades on the future performance of CMS are taken into account.

Theoretical uncertainties follow the prescriptions of the LHC Yellow Report 4 (in preparation).




Extrapolation strategy for ECFA16 projections

Public results are extrapolated to larger data sets 300 and 3000 fb-'. In order to summarize
the future physics potential of the CMS detector at the HL-LHC, extrapolations are presented
under different uncertainty scenarios:

systematics exp. Sys. theo. sys. | high PU

unchanged | scaled* 1/v/L | scaled 1/2 | effects
ECFA16 St g X X X
ECFA16 S1+ X X ’
ECFA16 S2 X ’ X
ECFA16 S2+ X g

(*) until they reach a defined lower limit based on estimates of the achievable
accuracy with the upgraded detector.




ALICE Detector Upgrades

New Inner Tracking System (ITS) Muon Forward Tracker (MFT)

® improved pointing precision
® |ess material — thinnest tracker at the

LHC

® new Si tracker o
® |mproved u pointing precision

MUON ARM

® continuous
readout
electronics

Time Projection Chamber
(TPC)

® new GEM technology for
readout chambers

® continuous readout

® faster readout electronics

New Central Trigger
Processor (CTP)

High Level Trigger (
® new architecture Yo
on line ”'r_.ir.;s cking & data , /4 c) by St. Rossegger
compression .
Bl Pl srani v TOF, TRD, ZDC New Trigger Detectors

® [aster readout (F|T)
——» technical design reports in CDS



“CRAB” CAVITIES

CIVIL ENGINEERING
16 superconducting ,crab"

2 new 300-metre service tunnels and
2 shafts near to ATLAS and CMS., cavities for each of the ATLAS
and CMS experiments to tilt the

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service
tunnels near ATLAS and CMS.

beams before collisions.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
expenments, designed to increase the
concentration of the beams before

collisions

W
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=
=
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e

Wiy
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‘

COLLIMATORS
15 10 20 new collimators and 60 replacement
collimators to reinforce machine protection,

BENDING MAGNETS
4 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new
collimators




CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service tunnels and 16 superconducting ,crab*
2 shafts near to ATLAS and CMS, cavities for each of the ATLAS
and CMS experiments to tilt the

beams before collisions.

6 crely wenitesieimsanriziiad oo uy

for each of the ATLAS and CMS

SUPERCONDUCTING LINKS BENDING MAGNETS

Electrical transmission lines based on a COLLIMATORS 4 pairs of shorter and more
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement powerful dipole bending magnets
current to the magnets from the new service collimators to reinforce machine protection, to free up space for the new
tunnels near ATLAS and CMS. collimators

CERN Novembee 2015






U PO rade Plan S [ Physics restarts in June 2015 j
Vs ~ 13 TeV Bunch spacing: 50 —> 25 ns

Peak luminosity L =100 fb-

1.6 x 1034 cm2 s-1 |, ~50 events per crossing

Peak luminosity L =300 fb-1

2021 2.4 x 1034 cm2 s1, ~60 events per crossing
2022
2023

20307 Peak luminosity

5 x 1034 cm2s1, ~140 events per crossing L = 3000 fb-1 59



A plethora of physics being explored for Run I




The W Boson Observationin 2010

This goes better when | am discussing
what can be done in 2015

PLHC 2010: March-May 2010 dc

> 107
3 ATLAS Preliminary ~ —e— Data2010 \s = 7 TeV)
Lo
%,,: W - u v (events)
E 10 Signal 25.9
Bkg 2.8
Expected 28.7
Observed 40
)
Co\,ef\l
1071 the O aary?
0 10 20 30 40 50 60 70 80 90 100 oY mm
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Higgs Production Strength Uncertainty Prospects

ATLAS Simulation Preliminary Reduced coupllngs scale factors
s =14 TeV: [Ldt=300 fo"' ; [Ldt=3000 fb” . e
T ATLAS Slmulatlon Prellmlnary

h—yy, h—Z22*—4l, h—=WW*—l|vlv
h—tt, h—bb, h—uu, h—2Zy

L | IIIIII‘I“

[K5, Kiys Kpy Ky Koy Ky

BR, =0

Vs =14 TeV
- det =300 fb™’
— det = 3000 fb™

Ratio to SM

(VBF-like)

_|||||||||||||*|||||||||||||_r I |||||||
ol b b b b IIIIII|

H—=uu




Higgs Self Coupling - A,

5 ()

3_ AHHH 06'
o~41fb =11%

HHH

10

/ }\‘SM

HHH
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Higgs Self Coupling - A,

)

¢

)
:} At %

o~411fb x11%

HH Total yield Significance
(3000 fbo )
bb + bb 40,000 ongoing
bb + Tt 8,900 ongoing
// + bb 3,800 —
WW + 1T 3,300 <1o
Yy + bb 320 130

Need to combine all channels

8 events expected
after selection
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U pg rade Plans [ Colllsmns restarted in Spring 2015 ]
Vs ~13 TeV Bunch spacing: 50 —> 25 ns

- New inner pixel layer

2014 (improve vertexing resolution by 10-30%)
2015

2016

2017 | 16xi0%omeer, 50 events percrossing o= 100 b1
2018 LS2 | - New muon small wheel

2019 - Improve L1 trigger capabilities
2020 Peak luminosity

2021 2.4 x 103 cm-2 s*1, ~60 events per crossing L =300 fb-1

2022
2023

| - Replace inner tracker

- New trigger electronics scheme
(Upgrade Muon/calorimeter electronics)

HL-LHC

20307? Peak luminosity

5 x 1034 cm2 s1, ~140 events per crossing L = 3000 fb-1 65



New
Collider(s)




Colliders under discussion

Name
CEPC
SppC
FCC-hh
FCC-ee
ILC

CEPC/SPPC

FCC-ep

Location
China
China
CERN
CERN
Japan
China

CERN

Type

Circular
Circular
Circular
Circular
Linear

Circular

Circular

Particles

ee

PP

PP

ece

ee

eP

ep

Energy

90->240 GeV
70-100 TeV
100 TeV
90->350 GeV
250-500 GeV

< 4.2 TeV

3.5 TeV
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Higgs couplings at new colliders

Precision of Higgs couplingmeasurement (Contrained Fit)

= LHC 300/3000 fb "

m CEPC 250 GeV at 5 ab ' wifvo HL-LHC

| -
@)
| -
-
L
()
=
—
©
)
e

1%

Self-coupling
FCC-hh/SppC
Precision of Higgs couplingmeasurement Model-IndependentFit) 1 0_1 5%

m ILC 250+500 GeV at 250+500 fb " wiAvo HL-LHC

m CEPC 250 GeV at 5 ab™ ! wivo HL-LHC

Relative Error

1%
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CEPC/SppC Timeline

)
Pre-studi R&D Construction Data taking

(2013-20 E"g'(gzﬁg?zgo 2055'9" (2021-2027) (2028-2035)

1t Milestone: pre-CDR (by the end of 2014) — R&D funding request to Chinese government in 2015
(China’s 13t Five-Year Plan 2016-2020)

SppC

R&D Engineering Design Construction
(2014-2030) (2030-2035%) (2035-2042)




CERN FCC-hh/FCC-ee timeline

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

- Constr. Physics LEP

Construction Physics LHC

Construction Physics HL-LHC

Future Collider Construction Physics




New accelerators

W and Z bosons ==> LEP
top quark ==> Tevatron, run Il; LHC
Higgs ==> HL-LHC, new accelerator

Schedules
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80-100 km tunnel infrastructure in Geneva area —

design driven by pp-collider requirements
with possibility of e+-e- (TLEP) and p-e (VLHeC)

Con'CeptuaI Desién Report and

- > 2,
¢ T & -
. s 3 .y
- v
5 . )

cost review for the next ESU 22018), -

LEGEND
== LHC tunnel

----- HE_LHC 80km option
potential shaft location

20T =100 TeV in 80 km (R 1

15T =100 TeV in 100 km %

- Geneva

T
- ‘_
. i
: I
- / o
o
=
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Electroweak Fit Status uly 2011)

Excludes LHC data and direct Higgs searches from ATLAS and CMS
EPS 2011: m =173.210.9 GeV, LEP & Tevatron Higgs Se
| e fitter]-.): Complete Fit

(including direct limits on Higgs
from LEP and Tevatron)

LEP 95% CL
Tevatron 95% CL

1

—— Fit including theory errors
---- Fit excluding theory errors

muy = 125.2 GeV  (most likely value)
Range: [116,133]

First presented at PANIC ‘11 =



