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v The High Luminosity LHC Upgrade
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= LHC - Phase 1 S HL-LHC - Phase 2 &
© LS2: Upgrade injectionto ® LS3: Upgrade Int. Reg. to @
increase beam brightness increase beam overlaps

O LHC should collect up to 300 fb-! before LS3

0 High Luminosity LHC (HL-LHC) after LS3 should allow to collect 3000 fb-1
at Vs = 14 TeV between ~2025 and ~2039

= High Lumi =» High Pile-Up: 140 (200) events/beam crossing
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== Consequences for the experiments

High Radiation
3000 fb-' simulated Dose map in [Gy]
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- Aging studies show that Tracker
& End cap Calorimeters need
replacement to keep similar
performances as in today detector

- HL-LHC presents increased
challenges for Triggering,
Tracking and Calorimetry,
in particular for low to medium
pr objects and forward region

- Need to consolidate muon system
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CMS Phase Il Detector Upgrades muons

* Complete coverage in forward region
Tracker (new GEM/RPC technology) |n|>1.6
* Radiation tolerant - high granularity - less material ¢ Investigate muon-taggingupton ~ 3
* Tracks in hardware trigger (L1)

* Coverageupton~4 == Trigger

* L1 with tracks & up to 750 kH

~°L\atency 212.5us

Endcap Calorimeters ¥ g ™
* Radiation tolerant - higher 2%
e Study coverage upton ~ 39

¢ Investigate fast-timing \

Barrel ECAL
* Replace FE electronics



TP released this summer:

The Compact Muon Solenond
Phase II Upgrade

Technical proposal

Physics Program at HL-LHC

U Precision studies of 125 GeV BEH Boson
(couplings, rare decays, etc.), including H self
coupling

[ Search for extended scalar H sector
0 Vector boson scattering (VBS)
U B-physics

U Searches for physics beyond SM (BSM), e.g.
dark matter (DM), heavy vector bosons (Z‘, W),
long-lived exotic particles. Searches for SUSY
+ If BSM found already - study its properties

-> Study 3 detector scenarios:

O Phase-1 detector, PU=50, 300 fb-"

O Phase-1 aged (except pixels) PU=140, 3000 fb-1
O Phase-2 detector PU=140, 3000 fb-1

-> Aim: reach same performances with Phase-2

as with Phase-1 (non-aged) detector
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CMS~

|

Tracker upgrade

CMS Prelnmna Simulation
U Extend coverage from |n|<2.5 up to |n|<4 > I , ”,,,,,
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CM

L Level-1 Track Trigger

‘v s

- High efficiency for p; > 2 GeV
1) Several double layer with front-end
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. . . c . cetccone ocoe oo

logic to build track segments: I T s e A a0 “J
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CMS Preliminary Simulation, Phase-2
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2) Build tracks at Level-1 from o 1GeViE
=

track segments: _
-> Allow to reduce L1 trigger rates to manageable

levels for read-out and/or keep low p; thresholds

. PU =140, 14 Tev CMS Simulation, Phase-2, < PU > = 140
) E : : ~ o S S S5
— o o - CMS Phasell Simulation I ]
© B 4 L L1Mu (Run 1 configuration + ME1a unganged) X e with and w/o isolation -
@ 10° k= 0 < nl<1.1(Q24) ° |
© R 8- 1150l <24(Q24) © 10 = (Eata— 3
5 ;2' — L1TrkMu (Phasell: muon hits in 2 2 stations) es —— LiTkElectrons
[@)) 2 $ e -0 <|nl<1d 0"+ L1TkElectrons_|
O 10° B ew mmoga s g 115 |n)s24 l
(b) = S SET wna- Sl 1P
= e CHOEEES o o . i )
- - o MMM NN EWRNN T iaty
A I - momo 1
b —
10 3 GQQ% B PN
. : 10k
. Muons
¢ b e b e e e T T T e s ) ENEPEP BN BN B L .
5 10 15 20 25 30 35 40 45 50 10 20 30 40 50
Muon trigger P, threshold [GeV] E; threshold (GeV)

X. Janssen - 19/11/2015
h luminosity physics case




Instrument forward region with GEM and RPC:

- Extend coverage up to |n|<2.8
- Improve trigger and reconstruction
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B

Barrel:

0 Redesign/adapt ECAL electronic

(trigger)

O Improve ECAL electronic cooling
to reduce radiation induced noise
U Replace HCAL scintillators closest

to beam

Endcap:

U4 Full replacement with radiation hard
detector (silicon wafers)
O Increase granularity (mitigate pile-up)

14 Tev
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Combined effect of new EC and Tracker extension allows Phase-Il to mostly

recover energy resolution & fake rate of Phase-I detector at 50 PU
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Phase-Il detector recovers MET
resolution partially

MET tails significantly reduced by
tracking extension
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HL-LHC as a Higgs Factory
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Efficiency

Efficiency

H->77->4l: Precision Measurements

14 TeV
12~ CMS Simulation
: H—a4u
' —— Phasell PU140 Il <2.4
i —— Phasel PU50
0.8f— Phasel aged1k PU140
0.6
0.4}
0.2}
oL B — I S T
<) ,»,ﬁ,::::;;‘-' :‘(7 :l ,: f";‘s‘) '.;g’(;;: 102 *43:! :2(\':40:;
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O Apply same analysis technique as for Run-1

U For Phase-l aged detector, large loss due to
lepton ID and Isolation

O Phase-ll detector recover Phase-l non- aged
detector efficiencies

U Phase-ll detector also improve mass
resolution

- Expect O(4000) H bosons very clean events
- Detailed H properties study: Anomalous Spin

structure, differential x-sections, KZ ~2-4%, ...
]1? TeV, 3000 fP",] PU = 140

Ll L) I L) T 1 T l 1 1 1 1 1 T T 1 1 1
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CMS -

= H->uu: Probe second generation couplings

- ’
1

H->uu (rare decay): Search of narrow resonance with huge DY background

14 TeV
©2.2 D-O.IS
E Phase-1 Trackel < | CMS Simulation
2:— — Phase-2 Tracker Phase &, 140 PU
1.8 ' /\ = Phase L0 MY
- 0.1) /\
1.6:— ' ’ \ = Phase | aged. 140 PU
1.4F ‘
1.2 0.05!
1= |
0.8
0.6 ¢ -
: 920 122 124 126 128 130
0.4F m,, [GeV]

0.2 Lower tracker material at Phase-ll
W22 10?5« il ; i/ 11?5« i é A/ - Improve mass resolution w.r.t. Phase |
n
Improvements:

20% efficiency & 45% mass resolution > expect ~5-10% uncertainty on x,

L") x, | xw | xz Ko Kp K Kt KZ+
300 [5,7] | [4,6] | [4,6] | [6,8] | [10,13] | [14,15] | [6,8] | [4], 41]
3000 2,5] | [2,5] | [2,4] | [3,5] | [4,7] [7,10] | [2,5] | [10, 12]
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CMS

= VBF H->tt : Forward Jets
14 TeV, PU = 140
TESt benCh analys!s tO (_:Iu_antlfy g 1.4 CMS ll’hase n SllmulatlonI | I——
improvements on identifying forward € F o exension ver n
jetS in hlgh pile-up environment = 1.2 e defg_ult pixel extension B
R~ ~ — leading VBF quark Inl (arb. norm.)
g ; | --- subleading VBF quark Inl (arb. norm.)
@ G e e e e et eTTTS s e
Phase |l detector & R
3 0.8
v' x 5.5 acceptance with Track- -Trigger B | -

<

\/ Tracker extension help in rejecting fake jets ©®

90% efficiency for Jet-1D with tracks 0.4

/ 15 % gain expected from improved mass
resolution (MET)

0.2

III]]III|

1 ] 1 1 I 1 1 1 | I 1 ] 1 1 l 1 1
0O 1 2 3

VBF quark Inl

- ~2-5% precision on couplings tot

L(fb™ )| x, KW K7 Kg Kb Kt KZ
300 |57 | 146] | [4 6] | [6 8] | [10,13] | [14, 15 [, 41
3000 |[25]]125]|[24]][35]] [47] | [710 ), 12]
=

- Precision of ~2-5% on Ky, Ky, K;, ~4-7% on K,,,
7-10% on K,
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CMS~

|

&

bbyy:
Need good:
O Tracker b-tagging

di-Higgs production

O ECAL y-ID performance

- 2D Fitof My, and M,

\'§-14 TeV PU=140

CMS Slmulatlon
50+

40ff
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20F
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ok
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— Toy data

—— Combined fit
HH->bbyy
Resonant bkg
Non-resonant bkg-

100 105 110 115 120 125 130 135 140 145 150

- ~67% precision on
production with Ph
nominal detector

M,, [GeV/c?]
di-Higgs
ase-ll

/

3

- Higgs self-coupling
- Search for new physics
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CMS ./

| di-Higgs production
bbrtr: bbWW:
O Large amount event (~9000) Q ~1500 fully-leptonic event
O Need Track trigger O But also large top background

O But large background: tt, single t

- Multivariate discriminant:
- Multivariate discriminant:
_— Vs=14 TeV, PU=140
CMS Phase Il, Delphes
P

E:] 4 TeV, PU=140

£ ' FCMS Simunation | mm e gsoo;— reliminary
TR o0l
k= 2aae
10° §4005—
10° 2.3005-—
10° gZOOS—
10 -.%1005—
1 L. . &JOEI PR S S TR SR AN SR S SN N ST ST S S E S S SR |
03 02 0 0 . o2 ° 1 Bgckground Ssystematic ljncertainty [?’/.-..]
BDT . .
> ~100% precision on SM = ~200% precision on SM

di-Higgs production with di-Higgs production with
Phase-ll nominal detector Phase-ll nominal detector

bbyy/bbtt combination 2> 1.9 ¢ expected significance for SM di-Higgs
(~54% precision on x-section)

X. Janssen - 19/11/2015
LHC/CMS High luminosity physics case




Vector Boson Scattering

X. Janssen - 19/11/2015
LHC/CMS High luminosity physics case



) Phys.Rev. D78 (2008) 051701
10* - - - . .

Vector Bosons Scattering (VBS) allows probing

the EWSB: N B
a 10° , 2

O After H discovery: Test its nature by checking § | 0.25
the expected cancellation between H and VBS 8 10| -

O VBS allows to search for new physics by 5 o | 09
studying anomalous couplings |

BENCHMARKS B
non-unitarization VL VL cross section anomalous couplings
compare VBS to the Madgraph generation of | lanomalous quartic
125 GeV Higgs boson to | |VV scattering, separating | [couplings with the EFT
a Higgs-less model, at the V level the formalism in the
generated with Phantom | |polarisation components: | [Lagrangian used in
0801.3359 LL as signal, LT and TT | |Madgraph generation
as background 1495 p3p1 1205.4231

FINAL STATES:
0 same-sign WW scattering = fully leptonic: 2 forward jets + 2 leptons
0 WZ scattering = 2 forward jets + 3 leptons
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Same-sign WW

S : IRREDUCIBLE BKG REDUCIBLE BKG
* WW + 2 jets O(aew*as?) * one jet ID as a lepton
» small interference with the * in semi-leptonic ttbar and
signal QCD W-+jets
* WZ + 2 jets O(aew® * agw*as?) * one lepton with wrong charge
* with an undetected lepton * in fully-leptonic ttbar and DY

q qd
‘ . : .
selection it exactly two leptons (e or ) with opposite
. tight leptons v _ charge
minknumleplonpr = 20 GeV « quality requirements on the leptons ID
maximum electron relative isolation 0.25 (0.6) . \re . .
| maximum muon relative isolation | 06 | reduce the wrong identification of jets
, loose leptons i _ * required to be central (|n| < 2.5)
minimum lepton pr 20 GeV .
| maximum lepton relative isolation | 075 | * at least two non'btagged jets
‘ jets ) | .
P e suppress the ttbar

cleaning from tight leptons within AR = 0.3 * veto additional soft muons in the jets

selections ) — * no b-jets in the event

" number of tight leptons 2
charge of the tight leptons same sign » VBS topology
number of loose leptons 0 .
number of jets > 2 * impact on all bkg, suppress the
minimum MET value 40 GeV irreducible one
minimum tag jet m;; 300 GeV
minimum tag jet Ar; 2 tight: An; > 2.5 and m; > 850 GeV
minimum di-lepton invariant mass m;; | 40 GeV
maximum leptons separation Any, | 2 loose: Ar]jj > 2.5 and mj > 625 GeV
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Partial unitarization and W, W
Test sensitivity to partial unitariztion by putting limit on no-Higgs scenario:
_ 14 TeV. 3000 ", PU = 140 T —— 14 ToV. 3000 &'
S " CMS Phase Il Delphes Simulation cg - CMS Delphes Simulation :
2 1000 [ wetopon [l WZen 5 | 1 O Use shape difference
2 ol e Bl wrongCharge E o3l -+ in several variables
- VZoco G W g H) $ ' between simulation
sook. " e (MOH, ) —— WW g (0K, Hi § with and without Higgs

02| | diagrams

e rase 1 50 P | U Fully exclude no-Higgs
—— maseiagesiopy 1 = Can study partial

o o Phase i 140PU unitarization with good

sensitivity

2 25 3 o

10
a0,

fake rate scale factor

Extract W W, component from kinematic properties:

14 TeV
7T 77

~ CMS Delphes Simulation

~2 o expected
significance for
longitudinal WW
component at 3 ab™’

Expected significance (o)

== Phase | 50 PU

—e— Phase | aged 140 PU

== Phase Il 140 PU

A A A 1 A A A 1 A A A 1 A

0 2000 4000 6000
Luminosity (fb™) . .. .

e — LHC/CMS High luminosity physics case
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CM

WW: Anomalous Couplings

Add dimension 8 operators in an Effective Field Theory approach

Lso = [(D,,<1>)+Dl,,<l>] X [(D.,,(D)“DV(D]
Lo = [(D,,cp)*Df‘cp] x [(Dl..cp)*Dl..cp]
Lup = W W] x [ (D) DFQ]

- Deviations expected for large momentum
- Use di-lepton invariant mass as discriminant

Luy = Tr[Ww W] x | (Dg®@)' DF®| _  saTevswoe 1.
01 | | ¢ o=, For 3000 b
Lme = [(D,,d)) W, WAV Dﬂcp] e F \ \ ] phase I | phase II | phase I aged
Frr By o 20 1S 1.06 1.07 1.17
Lz = | (D) W WD) F N 1 s(l) 3.51 3.55 3.87
Lro = Tr [WuwW"] x Tr [wa.,;w“ﬁ] 105" 3| Mo | 0.78 0.75 0.82
iy » ok /M, | 110 1.06 1.14
Lrs = T [Way W] X T [Wys W™ : 11 Ms | 156 | 1.49 1.63
L1z = Tr [WeuW*B| x Tr [Wp W] 10F  — phasersopu 3| M7 | 137 1.32 1.45
F 1| To | 0.067 | 0.077 0.083
- 14 TeV, 3000 fb", 140PU -20:— Phase | aged 140PU N E T, 0.036 0.033 0.036
S 107~ cMS Phase Il Delphes Simulation 3 gof el 3 Ty | 0.119 0.111 0.119
2 F ] E A IR SR SRR
:>J) — Standard Model -10 S5 0 S So (Tev-4)10

-+ T,=0.07 Tev*

o
"VT | T Y ™
|

- Ty=0.14TeV"*
N.B.: Limits from the 8 TeV analysis are 30 - 60 times
______ L e higher than these ones
.—__+___
1k
600 800 1000 1200 1400
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= WZ and Combination with WW

Azimuthal angle

- Expected significance

difference between jets: forW,Z,
14 TeV
) CMS Delphes Simulation ____14Tev g . = v S |
3 L I ' 8 2 CMS Delphes Simulation -
0.3 T = § ! !
I =TT z | !
T @ 15[ .
........ 2 | ‘
0.2+ - 8 L
..... P . .
== lﬁ 1 -
BACKGROUNDS : ~ -
= Phase | S0 PU
* WZ+2 ets Ofaatas) g . iy
* largest background to the analysis [~ e teeessesed | - Faniion
« ZZ + jets with an undetected lepton = e L 1
* Z + jets with a jet ID as a lepton ° 1 ? io 0 !
b 0 2000 4000 6000
Luminosity (fo™)
Combining WW and WZ:
3000 fb~1, 14 TeV Phase-I | Phase-II | Phase-I aged
Higgsless 95% CL u exclusion 0.14 0.14 0.20
V1 V| scattering significance 2.50 2.75 2.14

- 2.7 o for longitudinal VBS ; sensitivity to partial unitarization

LHC/CMS Hi

X. Janssen - 19/11/2015
h luminosity physics case



SUSY and Exotics

X. Janssen - 19/11/2015

LHC/CMS High luminosity physics case



Ei - SUSY: Simplified chargino-neutralino production

T T T T T T T T T T T T T T T T T T T T T

— Summary of CMS SUSY Projections with SMS
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CMS
7 SUSY: Full Spectrum Searches

o
‘:f 3200 - :—_: . ‘,r;.: gh I 3‘
& 2800~ n v
2400
- . e Summary of discovery reach for several
or 5 “Full Spectrum” SUSY searches:
200 - Hg B A_.& :’:
so- A e JEE :T*"_ Xz Analysis Luminosity Model
wok G (1) NM1 | NM2 | NM3 | STC | STOC
N — :g A o all-hadronic (Hr-HF"™*) search 300
| 3000
(a) NM3 all-hadronic (Mrt;) search 300
3000
. all-hadronic b, search 300
Study several scenario of 3000
“Full spectrum” SUSY: 1-lepton t, search 300
3000
O Natural Modes: NM1 > NM2 monojet search o
ey =y gn m;. ;- kinematic edge 300
O Stau co-annihilation model 3000
(STC) multilepton + b-tag search 300
3000
O Stop coannhilation model multilepton search 300
(STOC) et
ewkino WH search 300
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“Exotics” Models

7 CMS Phase Il Simulation = 300/fb
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o~

Signal efficiency

Dark Matter searches

Example: Study of W boson recoiling against pair of very low mass DM particles
- Single electron: p; >100 GeV

- Missing E;

- Use transverse mass as discriminant
- Extract limits for a Z’-like mediator with vector-axial or vector couplings

Efficiencies for Phase-l And Phase-ll detectors:

14 TeV
'.svlll’ll L Il'lll’ll Il ll[lll'll I'L
CMS Delphes Simulation ]
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- Increased coverage by ~1 TeV for M

Events / luminosity (fb)
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med

and ~0.3 TeV for DM particle mass
with 3000 fb-1 wrt 300 fb-1

LHC/CMS Hi

X. Janssen - 19/11/2015
h luminosit

14 TeV
Dosl o CMS Delphes Simulation
t —19.?."&
= | o
E 2_j:‘m"1w~wp
1 5 ;lm-ll:;x. |g~sn~cn OM=1 -
1]
0.5 ~ -.
4 .
O 5_ 6
Mmed (TeV)

physics case



B Physics
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0 These analysis are only possible at HL-LHC with the L1 track trigger to get
reasonable di-muon trigger rates !
d Require 2 muons with p>4 GeV + p(un)>5 GeV and 4.9 < M(pu) < 5.9 GeV

BO(s) — ll+ll_

Level-1 di-muon mass: Fully reconstructed mass for Phase-l and Phase-lI:

_— - I 1 1 T L I ! 1 1 T | 1 1 1 I
S . - —
8 10 : CMS SImU!?.UOﬁ i . - % © CMS Simulation g SC0" CMS Simulation
- 120 1 1
| Scaled to L = 300 fb - Scaled to L = 3000 fb
& 107} Scaled to L =3000 fb’ B—u'u S ——data 3 —~+ data
S - = .. = fu)l<1.4 — 1ull PDF S scol- Miw)i<1.4 + —— full PDF
= L L1TrkMu (Phasell) Trigger By—u'u 2r B B, ~u'w S | B By
o - p(W)>3GevV Background S S By s | B Bu'w
P [ mwl<2 . @ 80 - combinatorial bkg Gacclt 0000 M combinatorial bikg
[5) 10°F p_(uu) > 4 GeV — Total signal - . - semileptonic bkg 1 | semileptonic bkg
> LT g N I peaking bkg g -
= . P . A | B peaking bkg
UJ 4 o 60 [=2] | -
10 D - D _,{
= i = 200_ \
i e SN :
10° 20 T [ e \
et @
= [ = 100}
10? @ 2 > ..
99 5 51 52 53 54 55 56 57 58 59 92 5 51 52 53 54 55 56 57 58 59

m,, (GeV)
- Reduced tracker material at Phase-ll
- Improved mass resolution wrt Phase-| detector

m,, (GeV)

- With Phase-ll detector mass resolution, B® and B are well separated
- 6.8 (2.2) s for B% with Phase-ll (Phase-l) detector
- Possible to measure B% branching fraction with ~13% precision at LH-LHC
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CMS.

= CONCLUSIONS

i

Preparing for LHC high-luminosity operation in 22025.
- Expect 10x more luminosity.

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

- Requires to rebuild tracker and forward calorimeters.

- Enhance muon detector coverage

—->New trigger concepts implemented.

Physics potential:
—>Large gain in Higgs precision physics
- Possibility to study VV scattering as an important closure test
- Low cross-section measurements such as B? 2> uu.
lj Y physics.

- Enhanced discovery potential for BSM and S
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