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The High-Lumi LHC Project

Heh To extend its discovery potential, the LHC will need a major upgrade around 2020 to
e Y increase its luminosity (rate of collisions) by a factor of 10 beyond its design value.

New LHC / HL-LHC Plan
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v" provide more accurate measurements of new particles and enable observation of rare processes
that occur below the current sensitivity level.
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The Standard Model is incomplete: big questions

SM matter Dark Matter Naturalness and fine tuning
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Most Iinteresting theories offer solutions to open problems of the SM?
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Why do we need HL-LHC?

WJS2012

10 R /) 1 » Thedi f hysics i f
[ ratios of LHC parton luminosities: / ] e_ 'SCO"ETY 0 NEW pnysics IS one o
" 8TeV/7TeVandi4TeV/7 TeV { _ the highest priorities for the current and
i ' future LHC
o] - gg— /':’// I- . .
£ [ ----xqq " /il » The multi-TeV energy range will not be
> -==-qg / : accessible at any other current facility.
=10 ' -
0 [ . s \
2 » Strategy: take existing searches and figure
S out reach at 14 TeV, for different
B luminosities!
M significant impact on the physics reach of
1 CMS and ATLAS beyond that gained by

accumulating 10 or 100 times more data.

O Discuss expected sensitivity to broad range of Beyond the SM benchmark models for new
physics searches at the CMS and ATLAS collaborations.
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Outline: HL-LHC Analyses

HL-LHC will be the key!
> Supersymmetry Searches

o Strongly produced SUSY: gluino and
squarks searches “
o Third generation SUSY: direct stop and
direct shottom searches ‘W
O Electroweak production of SUSY particles
o Vector Boson Fusion in SUSY D
» Vector boson scattering and Triboson

production
> Vector-like charge 2/3 quark search

> Search for ttbar and dilepton resonances {THas SRvOEIRATIN: s, Eha_SOEAIEROLAM:
> Search for W™ and Dark Matter ATLAS_PHYS_PUB-2013-011,  CMS_FTR-13-014.

ATLAS-PHYS-PUB-2014-010 ey CMS-FTR-13-026

ATLAS Collaboration = https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies
CMS Collaboration ~ —> https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP
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Studies of Future Physics Prospects

Both CMS and ATLAS Studies have been performed for 5o discovery reach with
300(0) " @ 14 Tev based on 20 1th'@ 8 Tev

(1) Cconservative: all yields and uncertainties scaled by lumi and eross-section

@ oOptimistic: relative backyround uncertainty is assumed to be same

arXiv:1307.7135 W
100 ——— - —— ] AV R
L ratios of LHC parton luminosities: /1 1 -
| 8TeV/7TeVand14TeV /7 TeV susy A Stl"ategles
Squark/glujnd

_ 99 _ SUSY in 3 Gef.
---- xqq L
- qg %

® No potential degradation studies
| © All analyses have individual approach for

projections:

"1 © Only slight analysis re-optimization

luminosity ratio
o

taken into account relevant parameters
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Searches for Supersymmetry at HL-LHC

pp =it of the Higgs boson.

PP

W |
Vs = 14TevV 410" o

IF  otowed preserinions in 12062862 (o] @ g * The strongest motivation for Supersymmetry

10* — wodd o (SUSY) comes from the need to stabilize the mass

» The mass of the Higgs boson receives quadratic
radiative corrections from particles at higher

o~ H10° energy scales.

Cross Section [pb]
<333
Vo4

%
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Events in 3 ab™!
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SM fermions << SUSY bosons e ° ° ° °
SM bosons & SUSY fermions quarks leptons gauge bosons squarks sleptons gauginos
In order to Be “natural” (i.e. to avoid fine tuning), “'““"Q'“'"“'
it Is required that the mass of the top squark Is 1~ My~ 125 GeV EXFOEUSY -
- s Y
relatively small. and: 9 MEEE S (R
mz — i 1 e o

—_—— &— Stop and gluino contributior
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Strongly produced SUSY

we o . .
10° - Vs = 14Tev 410" 3rd generation squarks expected to be light
Followed prescriptions in 1206.2892 [hep-ph] —_— pp — 88 101 . .

10* — par g compared to 1st and 2nd generation. Gluinos
o ‘\\ - Zij;f’;io l,»  can decay with large branching fraction to 31
Ne) 2 — 1 A2 in .

s 10 Hi0* 5 generation squarks
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Strongly produced SUSY and Current Limits

10°
10°
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Followed prescriptions in 1206.2892 [hep-ph]
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-g productlon g ttx

3rd generation squarks expected to be light
compared to 1st and 2nd generation. Gluinos
can decay with large branching fraction to 31
generation squarks

a9 productlon g—> ttx m(@) >> m(g), s = 8 TeV ICHEP 2014
TTTT I I I
; | - %‘ 1000 — 95% CL limits. ap2s" not included.
& 900 TCMS P Ilmlnary — sus- 13 0120169 = O, N ATLAS - EXeted grepon, 7-2 10jets (L 203157
a C =8T —— SUS-14-011 0+1+2-lep (7 . s Preliminary — Observed  ariv: 1308.1841 n
& 800} | (S: |_T EP 260 y —— SUS-13-007 1-lep (n_ = 6) 19 = E 5 - g’;‘;ee:\'fe‘z 0- lepton, = 3 bjets L, =201
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% 700 Eo Observed -1 & —— SUS-13-013 2-lep (SS+b) 19.5fb™ 800 — -~ Expected et
C t l. .t f - Expected | = SUS-13-008 3-lep (31+b) 19.5 b R B b
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lI — -
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W = ' | \
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Monte-Carlo Samples

Several Monte-Carlo (MC) generators are used to model the dominant SM processes and new

physics signals relevant for the analyses.

ATLAS Collaboration CMS Collaboration

_ | Top-pair | Top-pair |
= | Diboson Sherpa Diboson
2 W()Hets | W(*)+ets Madgraph
S| 2 +jets | | AP9EN Z(*)+jets
|tV (V=W.2) J ttV (V=W,Z)

WWW,zzz, Zww | Madgraph WWW,ZZZ, ZWW_
= [ Signal Samples _ "Signal Samples 7 _
g“‘Prospino (xsec)} Herwig++ 7 Prospino (xsec) Madgraph and Pythia6
i {cteq6l1 Madgraph and CT10 | Cteg6l1 and CT10

MC@NLO and Sherpa

(ATLAS fast simulation, based on

etector

JLparametrization of the trigger and detector
— lresponse to generator level objects

—

&

2 T

ner-p

SM processes produced with full-simulation to

Delphes fast simulation with CMS tuning, a few
validate Delphes simulation.
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Strongly produced SUSY: Gluino Searches

CMS-PAS-FTR-13-014 (ECFA 2013)

1-Lepton channel t

Signal topology of such events:
* Many jets and Leptons
* Among them several b-jets
* Large missing energy (E;"*)

Pre-selection of events based on:
 An isolated electron (muon) p;>20
GeV and [n|<2.5 (2.1)
* Leptons veto p;>15 GeV, |n|<2.5 \ Y —
e nJets>6 p;>40 GeV, In|<2.4 Signal ‘region Control region
* At least one b-tagged jet Search regions: different S;'* (MET +
 HT>500 GeV and Sy, >250 GeV LepPt) bins with different b-tagged jets
Ad (W, Lepton)

N (AP(W, ) > 1),= Res Naa (Ap(W, £) < 1),

Nsignal ~ Number of events with Ap(W, £) > 1
Neontrol  Number of events with Ag(W, /) < 1

Res =

Single Lepton + b-tagged jets final state
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Strongly produced SUSY: Gluino Searches

CMS Simulation Vs = 14 TeV

P _l T T T T | T T T T | T T T T | T T T T .
é 1800~ £xpected 5o Discovery Search regions:
----- Phasel, <PU>=0, L=300 fb*
\-_{Xﬁ 16001~ Phasel, <PU>=140, L=300 fb™ S?P: 450, 550), [550, 650), [650,750), and > 750 GeV
= — Phasel, <PU>=0, L=3000 fb™ Np: =3, >4
1400 |- — Phasell Conf3, <PU>=140, L=3000 fo™
1200 == 50
pp— 99, g—=>tty Ll
1000F m® >>m@ A > The uncertainty on the total SM

Background assumed to Be 30 %
800

600 .
o The mass reach is reduced due to

400 pileup by about ~ 100 GeV

200

_l | | | | | | | | | | | | | | E |:E | | | |
O500 1000 1500 2000 2500

m- (GeV)
g
» The discovery range of gluinos can be enhanced 300 GeV for 300 fb™ to
3000 fb™ up to 2.2 TeV, for x,° with mass of up to 1.2 TeV
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Strongly produced SUSY: Squark and gluino Searches

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)%

Signal topology of such events:

. p
e Many jets, no leptons i
« Large missing energy (E;"*) -7
 Use of My and E;Mss/vHT i
The selection of events based on: p
Selecti | Channel
cechon |20 [ 2im | 3] |4l | 4m | 4it | 5 | 6l | 6m | 6jt
pr(i1) [GeV] > | 160
Niew(pr > 60 [GeV]) > | 2 3] 4 |5 6
EDis [GeV] > | 160
|

Ag(jet, Em‘SS)mln [rad] > 0.4 (j1, j2, j3), 0.2 (all pr > 40 GeV jets)

| (i) = 140, 3000 fb~! scenario

EISS e > | - | - |03 | 035 o025 | - | 025|025 | 035 | 015
EeNEIGY > | s | s | - | - | - | | - | - | -] -
meg [GeV] > | 4500,5000 | 4500,4900 | 4000 | 4000,3800 | 4000 | 4500 | 4000 | 3400 | 3500 | 5000

The uncertainty on the total SM background is assumed to be 10%.
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Strongly produced SUSY: Squark and gluino Searches

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)%

Multiple signal regions have been optimized with requirements on the effective mass, E;™s* and HT

Meff = EPS+3IpF| . EF™/meg , E7™/VHr

> = T T T T I T T T T I T T T T T T T T I T T T T I T T T T = > T T T T I T T T T I T T T T T T T T I T T T T I T T T T
& = ATLAS Simulation Preliminary L dt =300 fb" (u) = 60 3 8 ATLAS Simulation Preliminary L dt = 3000 fo”, ¢u) = 140
3 10° 4 jets, EFT“iss > 160 GeV s M(G) = 1950, (%) = 1 - 8 10° =4 jets, E;“SS > 160 GeV s () = 1950, m(z°) = 1 E
E E E[r”iss/m £>04 m(g) = 1425, m(x]) = 1400 3 @ - E'_I‘]iss/meff >0.35 m(g) = 1425, m(x1) =1400 =
5 - ° ——— SM Total 1 & .r ——— SM Total -
O e B Zijets o 10E I Z+jets E
10 B V-ets E| = B WVsets 3
= tt and single top - 10 B tt and single top i
3| I Diboson 7] E I Diboson E
107 E = ]
- 3 10°e =
102 E| u ]
= 3 0% =
C - E - =
10e = ok | A 5
= 3 °E |H 3
B ] - = i .
1 E a 1 - -
- o
whan's LT -' Il'i-'llJll'lll"Ilill'l EL.. N |IE‘E
0 2000 3000 4000 50 6000 0 2000 6000
m, (incl.) (GeV) mg, (incl.) (GeV)
. _1 . _1
(a) 4il, 300 b (b) 4jl, 3000 fb

Gluino signals
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Strongly produced SUSY: Squark and gluino Searches

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)%

» For squark-pair production two scenarios have been taken into account in this analysis:
» The squarks are completely decoupled from gluino
o The gluino mass is set to 4.5 TeV, which is above the expected HL-LHC

> The difference in selection efficiencies for these scenarios is found to be <30 %.

> T T T T I T T T T I T T T T T I T T T T I T T T T = %J E T T T T I T T T T I T T T T T I T T T T I T T T T §
8 ATLAS Simulation Preliminary Ldt=3001b", (u) = 60 3 0] F ATLAS Simulation Preliminary L dt=3000 b, (u) = 140 ]
§ 105 4 ets, E™™ > 160 GeV — m@ =1050, m(") = 900 - 5 10° -4 jets, ET™ > 160 GeV — m@ =1050, m(;:(;) =900 =
L) E ET/m,,>0.4 m(a) = 2250, m(x,) = 1 E P E EMSm 5035 m(q) = 2250, m(z,) = 1 E
= T eff c C T eff .
g C _ SM Total ] g s _ SM Total
i I Z+jets - o 10 I Z+jets E
E I W+jets E E I W+jets =
= tt and single top 3 e tt and single top i
s [ Diboson ] 10 E [ Diboson E
10° e = ]
- . 10° =
107 = u 3
g 3 10° =
10 B 7]
E E 10
E E E
II'II lllll llhli
0 4000 6000 0 1000 2000 3000 4000 5000 6000
m, (incl.) (GeV) m, (incl.) (GeV)

(c) 41, 300fb!

(d) 41,3000 fb"

Altan Cakir | Prospect of New Physics Searches using HL-LHC | DESY 2014 | Page 16

Squark signals




[GeV]

m_o

Strongly produced SUSY: Squark and gluino Searches

ATLAS—PHYS—PUB—2014—010 (ICHEP 2014
g g production, g —qq x

g

2500 — ATLAS Slmulatlon Prehmmary

B I L dt = 300, 3000 fb

- 0-lepton combined |
2000 (— .

1500

1000

500

>

[s=14Tev e -

ATLAS 20.3fb™, (s = 8 TeV, 95% CL
95% CL limit, 3000 fb™, () = 140
95% CL limit, 300 fb™, () = 60 _
s 55 disc., 3000 fb™, (u) = 140
— 56 disc., 300 o™, (1) = 60 ]

1 OOO

3000
m, [GeV]

1500

500

2000 2500

Gluinos Mass reach increases from 2 TeV to
2.4 TeV, and x,° from 800 GeV to 1.1 TeV
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m_o

Q1

-9

production, § — q % (Herwig++), m_ >> m;

2500
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500

2500

2000
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ATLAS Simulation Prellmmary Oig = 10%

ILdt 300,3000 b, js=14TeV
0-lepton combined

ATLAS20.3fb", {5 =8 TeV, 95% CL -~
+ 95% CL limit, 3000 o™ (u) = 140 .~

+ 95% CLlimit, 300 fb™, (1) =60
e 5 dlisC., 3000 fb7, () = 140,

— 50 disc., 300 fb, (1) = 60"

" Mgiuing @ecoupled
\0@"“
0"@"."
i 5 a - 1 I 11 1 1 I 1 1 11 I 1 1 11
500 1000 1500 2000 2500 3000 3500 4000
m; [GeV]
g-q production, q—>qi” (Herwig++), m_= 4.5 TeV
_..,....,....,....|....|....|....|...._
— ATLAS Simulation Preliminary Oug = 10%
C _[Ldt:soo,soootb",E=14Tev .
L 0-lepton combined _
B ATLAS 203 0™, {5 =8 TeV, 95% CL ]
. 95% GL limit, 3000 fo™, ) = 140 mglulnu = 4.5 TeV _
| asmsss 95% CL limit, 300 fb™, (u) = 60 . ]
I 5 disc., 3000 fb”, () = 140, -
[— 5o disc. 3001, (1) = 60" —
Lo by by bl | el i i
500 1000 1500 2000 2500 3000 3500 4000
m; [GeV]
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Strongly produced SUSY: Squark and gluino Searches

ATLAS-PHYS-PUB-2013-007 (Snowmass 2013) o _
Similar analysis from last year

Q 7 T T T T T T T T
E ATLAS Preliminary (simulation) Squark-gluino grid, m __=0. 1s=14TeV METAHT>15GeVv"?
(D — n . T T T T T T T T T T T T T T T T L |
:Ji E—Z_Ji\j'\e,zv (simulation) %‘ 4OOO_| I I . Zaxisl I |_i 8_
Ny — ti semileptonic B w3000 b discovery reach | —
‘g — qugg{(t)ilij((:had) _ 9‘ - “‘ 300 fb™ discovery reach 7] 2 o
g ---'m@fSZOOGeV, m(g)fSZOOGe o - . _ _ 4 = 10—
| === m(g)=2800 GeV, m(g)=2400 GeV E 3 500 | . = ® ¥ 3000 fb™ exclusion 95% CL__| =
L * N ) - .
& — — " 300 fb~ exclusion 95% CL |
B . |
B * ] — -3
30001 *, 4 310
Froe B Nay - —
il ﬂ-"L - D...: -
o 20 40 60 2500 1 =107
MET/VHT [GeVY?] C = -
> 10°F ' ML [ Zn, sys=30% 1 d1p°
8 10 ATLAS Preliminary (simulation) 2000 { ° L . | —| §10
g L =14 T smton) .AS Preliminary (simulation) -
g E EEEEEZ}E%?EEQ% E 1500 1 1 1 | 1 1 1 1 | 1 1 1 1 | B _ 10-6
E 10° e M@5500 Gev, m(3)=3200 GeV 2000 2500 3000 3500 4000
- «=+:m(§)=2800 GeV, m(g)=2400 GeV] V
107 AHD E ma [GeV]
10¢ 3 Gain of ~400 GeV in gluino and squark mass
1 s o discovery reach (for m o, = 0) when going from
. wide L L
0 2000 4000 6000 8000 [ 13]ooc 300 fbl to 3000 fbl
M4 [Ge

Altan Cakir | Prospect of New Physics Searches using HL-LHC | DESY 2014 | Page 18

ner-p



Strongly produced SUSY: Gluino Searches

CMS-PAS-FTR-13-014 (ECFA 2013)
O-lepton channel q

Signal topology of such events:
e Many jets, no leptons
e Use of Hy = Ejets pT and Hr = | — Y iets Pl

Pre-selection of events based on:

nJets>3 pr > 50 GeV, |n| <25 Search regions at 3000/fh

. nlets > 6 nJets > 6
Leptons veto pr>10 GeV, |n| < 2.4(2.5) HT > 2500 GeV  HT > 1600 GeV
* HT>500 GeV and My > 200 GeV MHT > 1000 GeV  MHT > 700 GeV

HT> 500 GeV and Spg, >250 GeV
lad (Jets, ,, MHT)| > 0.5,

lad (Jets,, MHT)| > 0.3 nlets > 6 nlets > 6
_ _ HT > 2000 GeV  HT > 800 GeV
Strategy: Several exclusive search regions MHT > 1000 GeV  MHT > 400 GeV

defined according to nJets, HT and M,;
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Strongly produced SUSY: Gluino Searches

CMS-PAS-FTR-13-014 (ECFA 2013)

CMS Simulation, Vs = 14 TeV, L = 3000 fb™* CMS Simulation, Vs = 14 TeV, L = 3000 fb™*
%) \\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\lz % 7H‘“‘H“H“‘H“H‘“HH“H“HHIE
O C B w(v) +jets (I=e, w, 1) 0] C Bwi) +jets (=e, w7y 7 .
S | Phasel<PU=0  Ezom s e 2 [ Phasel, <PUS-140 Ezom « o 1 > The uncertainty on the total SM
2 . ,| W >1000 GeV W+ jets B @ | W > 1000 GeV W+ jets _| I
g e —00, G~ qgZ’ (2100, 100) 3 g e — 6. G g’ (2100, 100) 7 baCkg round is assumed to be 30%
w ] w C ]

based on typical CMS analysis at 8
TeV.

» All plots are done with Phase | detector
with (140 PU) and without pile-up

1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000

Hr (GeV) H; (GeV) Interactions
CMS Simulation, Vs = 14 TeV, L = 3000 fb™ CMS Simulation, Vs = 14 TeV, L = 3000 fb*
LT mwmepetens 1 8wl Mwmemeseens -
8 " Phasel, <PU>=0  [zom + e 1 B F Phasel <PUS=140 oo+ jos = » Benchmark signal:
2 H; > 2500 GeV Wi+ jets ] £ H, > 2500 GeV P+ jets -
5 w0 — 0. 5 qq’ (2100, 100) = S>j 10° — . G~ g0’ (2100, 100)

g— g%’ (2100, 100)

» Pile-up interactions do not have a
major impact in the search regions.

500 1000 1500 2000 2500

500 1000 1500 2000 2500
i (GeV) i, (GeV)
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Strongly produced SUSY: Gluino Searches

CMS-PAS-FTR-13-014 (ECFA 2013)

CMS Simulation, Vs = 14 TeV

~— 1000

% pp—>9g.9— qﬁ';"(g 50 Discovery Reach

9 00 __. L = 300 fb™*, Phase I, <PU>=140

ng s00| — L =3000 fb™, Phase Il Conf3, <PU>=140

» Gluino masses up to ~ 2.2 (1.8)
TeV and LSP masses up to ~ 500
. 200N 600
(400) GeV can be discovered at
v's = 14 with an integrated

luminosity of 3000 (300) fb.

700

500

400

300

200

100

II|IIII|IIII|I‘I\ I|IIII|IIII|IIII|II

1 1 | 111 | 111 | 111 | 111 | 1 1 I“ | 111 | 111 | 111 | I:
800 10001200140016001800200022002400
m; (GeV)
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Third generation SUSY: direct stop searches

ATLAS-PHYS-PUB-2013-011 (ECFA 2013) O- and 1-lepton Channetl
Signal topology of such events: » :
» A one lepton (e, mu) based selection t %
 An all-hadronic selection, vetoing on the -~
T~ S0
presence of leptons (e, mu) ) i f’ X1
o HT, EMSS, M, ad (lep, ETmiss),  E™ss/ vHy t
$ [ ATLAS Simuldion Preliminary s 1 3 [ ATIAS Simidfon Prelminary @7 | 5
2 | (s=14Tev, 3000 b7 <p>=140 Miv - B 10tk (s=14 TeV, 3000 fo™ <u>=140 =tZtJ\r/jets _
I 103 .W+jets - > - B W+ets E
g - —(m,m )=(800100) 3 -f:_" C — (MM, o) = (800.100) 7
> N a c - |
< [ 1 lepton channel - 2
g 102 - g 1035_ 0 lepton channel _E
E G - :
Z T 1 2 | ]
- ] 10° IE
10 = - :
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Third generation SUSY: direct stop searches

A-IrLIAISISIITﬁUfatIOh FI)I'é"I!T‘IIIrh'illl’yI L Ig ;‘1000_ T T T T T T T T ] T T 1 L | I —
o, —300 b (<u>=60) o discovery 1 D ;ATLAS Simulation Preliminary =
i Vs=14 Tev *2300 fb™! (<u>=60) 95% CL exclusion —z .9. 900 ;@:14 TeV =300 fb'i (<u>=60) 50 discovery =
€ 700F- 1-lepton channel =000 (qe=ta0 sodiscovery. 3 G 8O- i i o
600 == 3000 fb* (<u>=140) 95% CL exclusion_: E E 2 3000 fb'l (<u>=140) 95% CL exclusion . E
[ATLAS 8 Tev: 95% CL obs. limit 3 700 EATLAS 8 TeV (1-lepton): 95% CL obs. limitH
500 . 3 - - COATLAS 8 TeV (0-lepton): 95% CL obs. limit
o, 3 600E- comBined =
400 “ —: E ““llllllllllll.....‘ E
300 “ F 5000 and 1-lepton combined  ,,uestieees, t
= = \“‘“‘ '0‘ = E
200 1 400F o " L=
100 — E H -
. e NE L E 3 300F -~ : =
200 400 600 800 1000 1200 1400 - ¢ 3 H—
mStOp [GeV] 200:_ ‘: E _:
= O0% RTLAS Simuaton Prefminary 1 100f : =
9.900;— =300 fb™ (<u>=60) 50 discovery _; O: o L E L] |E | 3
1800 (=14 Tev £1300 b (64>260) 95% CL exclusion - 200 400 600 800 1000 1200 1400
E =3000 fb™ (<u>=140) 50 discovery 3
7005—0—Iepton channel *13000 fb (<:>=140) 95% CL exclusion 3 mstop [GeV]
600 [JATLAS 8 Tev: 95% CL obs. limit . . .
soof.  O-lepton I » Discovery and exclusion potential for the
400F- v 1-lepton and O-lepton analyses. For LSP
300 PR :
ook N masses below ~ 300 GeV a stop discovery
100E- E at 50 would be possible with 3000 fbt for
03 800 1000 1200 '14'6[93 W stop masses up to ~ 1.2 TeV
mstop € 1<
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Third generation SUSY: direct sbottom searches

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)% O-lepton channel
b
Signal topology of such events: p :
 An all-hadronic selection with b-tagged jets, b 79
vetoing on the presence of leptons (e, mu) -
o EMsS M., ad (lep, E5%), m,, , i ‘i" Xt
b

> The main variable used to discriminate % o414 T T T 2

) . Q) - ATLAS Simulation Preliminary (u)=60 ]

the bottom squark pair signal from 2 o120 E

background is the boost corrected 2 o F o Mp=800GeV.m, =TG-

s O . M- = 1200 GeV, m,=1GeV

cotransverse mass: s F o+ ", = M .

S 0.08*« + . M;=2000GeV, m,=1GeV —

max _ m(B) — m’(X1) g 008+ 4Tt E

CT = m(B) E C + * b, ]

0.04 bbbpd 4 0 1y E

_ _ 4 T '*'*.451' -+—+—+—'*'_.__$_-+-_4_ ]

» M is bounded by an analytical 0.021- o e T e T
combination of particle masses. T T T 000 T TR00 5000

M. [GeV]
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ATLAS-PHYS-PUB-2014-010 (ICHEP 2014}%

Events / 40 GeV

> Different m.; values have been studied
for different signal regions. The
systematic uncertainty for the signal
regions have been assumed to be 30%

\F 14 TeV (u) 60

— T T L
ATLAS S/mulatlon Prellmlnary

it Standard Model Total
I it

CC W+jets

I Single Top

I Z + jets

jL:SOOfb

10° W Other . ) - (800,1) GeV
...... (m‘f , m".;)=(1zoo,1)c;ev 3
10 EEEESS, . (m? ,m;) = (2000,1) GeV
1 : E;
10 N | SRt . E;
1 0-3 ': J ) Lol -L:E_
0 500 1000 1500 2000
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ner-p

800

600

400

200

Third generation SUSY: direct sbottom searches

» Bottom squarks with masses of ~ 1100
(1300) GeV can be discovered with 5o

significance with 300(3000) fbL.

\E_14Tev

Sbottom palr productlon b - b x
' |

ATLAS Simulation Prellmlnary Opig = 30%
B ATLAS 20.1 fb™, {s = 8 TeV, 95% CL
----- 300 b exclusion 95% CL
----- 3000 fb™" exclusion 95% CL
—— 300 fb™" 56 discovery
—— 3000 o' 56 discovery

____

-
_____

2000
m: [GeV]

1500

P
1000

500
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Electroweak production of SUSY particles

» Searches for direct electroweak production of SUSY particles are challenging at the LHC
due to its low production cross-section and low hadronic activities in the event

WZ-mediated Wh-mediated (h-> 1) Wh-mediated (h-> <)

> Analyses strategies: In order to reduce the background as efficiently as possible, it is
concentrated on the decays where all bosons (W, Z and h) decay leptonically, leading to
a final state with three leptons.
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Electroweak production of SUSY particles

CMS-PAS-FTR-13-014 (ECFA 2013)

Signal topology of such events:
* Multi-leptons
» The presence of a pair of leptons with same
flavor and opposite charge (OSSF)
» Select the pair closest to the Z-boson and the
remaining lepton is assigned to the W decay

3-lepton channel ’

CMS Preliminary Vs=14 TeV L, =3000 fb™ Phase | (PU)=140 CMS Preliminary Vs=14 TeV L_=3000 fb™* Phase | (PU)=140
> 107 O wzezz 2 107 T wz+zz
g A B iz 0] 3 N iz
» 10 1 Rare SM + Higgs 3 10 1 Rare SM + Higgs
= =100 GeV' m.=0 GeV - ~ m. =100 GeV m=0 GeV
2 10 _7oo GeV m =200 GeV 2 10° _7oo GeV m_(=200 GeV
q_) 1
,=1500 G 00 G Q “
o 10* +=1500 Gev m~ =100 Gev I 100 e M, =1500 GeV m =100 GeV
10° 10°
102 10?
10 10
1
-1
0 _‘-‘-l-l-!—l 107
10° 200 600 800 1000 1200 1400 1600 102 loliiiiiiiiii. ] ' '
0 200 400 600 800 1000 1200 1400 1600
Er (GeV) M, (GeV)
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Electroweak production of SUSY particles

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)% 3-lepton channel

4

ATLAS analysis in the same production channel: b
 Similar strategy based on OSSF pair in the event
» Events with b-tagged jets are vetoed
* M; reconstructed from the third lepton (from W) p

g 104|=rl ATT - ; i , —EI *3 10%E | ; ) - ,
S = ATLAS Simulation Preliminary <= Total sm 19 = ATLAS Simulation Preliminary <= Total sm
C [ Z+jets ] C [ Z+jets
I C 1 w -
=14 TeV [ ] = [ |
10°H s=14Te =;sz 4 10°E (s= 14 TeV -;vzz
= : -1 TV = = _ -1 I
- IL dt = 300 fb |:|Ir . - J-L dt = 300 fb IZIITV
1 02 - u=60 [ Tribosons - 1 02 - u=60 [ Tribosons
= ---- (N2,N1)=(400,0) 3 g === (N2,N1)=(400,0)
- - ---- (N2N1)=(800,0) 3 - - (N2N1)=(800.0)
10 ' E 10
1% _______________ | E 1
107 .. P 107
E L1 Lo | I [ i --h - [ 4(5 E_ . ..,-"‘,:':,.:: R || ';1:;—"._:'_._-!_._7 W :: 4 3
0 150 200 230 30( 0 100 200 0 500 600 700 800
P, lep3 [GeV] ET [GeV]
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Electroweak production of SUSY particles

CMS Simulation Vs =14 TeV
—~ 700
- 1 000 [T T 1T | L L | T T 1T | L L | L | L | LI L | L L | T T 1T | > : )
% = 8 - Expected 50 Discovery
o 900 ATLAS Simulation Preliminary Ong=30% 47 T 600 B, = 2 7)=100% 1
- = . . = I o e Phase I, <PU>=0, L=300 fb’
EcixF 800 :_ \/E: 14Tey '[L dt = 3000 fb 1, u=140, 95% CL exclusion _: £ 500 ; o %0 - Phase |, <PU>=0, L=3000 fb'-li
- —— _[L dt = 3000 fb ', u=140, 56 discovery - S 2 . P,Base 1 conts, <SU>=14O' Le000
= - C R —-Z% y
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600 E TR SWRZR — _[L dt = 300 b, u=60, 5c discovery - s00f %
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Electroweak production of SUSY particles

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)% 3-lepton channel

Signal topology of Wh-mediated channel:
 Multi-leptons: 3-leptons with and without taus
» The presence of a pair of OSSF leptons and veto
them for WZ contribution
» Veto b-tagged jets for ttH avd ttV contributions

;‘ 800 :I 1T I TTTT I LU I LI I LI I T TT I TTTT LU I LI I T I: ; SOO_I_I T T7T I T |. T I T |. T I T T Il I I. T T I T T T T TT I T T I_'_
S . ATLAS Simulation Preliminary Gyg=30% 2 - ATLAS Simulation Preliminary 0, =30%
Eﬁx‘ - Vs=14TeV sesssees IL ot = 3000 b, =140, 95% CL exclusion 7 I_?'XH - ﬁ: }f‘ TeV$ o o -
= p . = c 400 X =W xh%, — ceeeeee- f L dt = 3000 fb™, u =140, 95% CL exclusion ™|
600— [ IL dt = 3000 fb", p=140, 5 discovery ] o 2 1M g
[ 3-lepton channel I ] - Mo =M. i
C . aieaees L dt =300 fb ", u=60, 95% CL exclusion 7 - Wae who e -
+ =0 =0 =0 ] L My |
500:— % 7(2—>W+)(1h)(1 - 300 ]
400 - E B ]
C ] B & ]
300F- = 200~ o o
C o n - @\7,*“ —
200 — I ]
C ] 100~ e N ]
1002 — - - B ]
C 7 = e \ .
: H 11 I | | I 1 I: O 1 I 'I 11 | I 1111 I 11 1 | I 1 I- 11 I | I I | I 111 1 I 1111 I 111 1 I_
800 300 400 500 600 700 800 900 1000 1100 200 300 400 500 600 700 800 900 1000

mﬁ=m~o [GeV] m-, = m.. [GeV]
% 112+ channel Loooh
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Vector Boson Fusion in SUSY

CMS-PAS-FTR-13-014 (ECFA 2013) g O-lepton channel

Signal topology of such events:
o Two jets with large di-jet invariant mass in the
forward region in opposite hemispheres
* Large E;ss, and no leptons
 small cross-section = challenging at HL-LHC

arxXiv:1304.7779

7

q q

Selection of events based on: 3 Cmssmltrmv
e nlets=2 p>30 GeV, |n| < 5 0.05F _W” .
* npp > 4.2 n™np<0 0.04f .
* Priry > 200 GeV, prye, > 100 GeV 0035_ E
 M; > 1500 GeV i :
« Veto 3 jet within jetl and jet2 0.02- -
« Veto of b-tagged jet ook I 113
 Veto of leptons, it is very crucial for the e T
success of the analysis A A

o ETMiss > 200 GeV > A significant amount of leptons fall outsidg the

current geometrical acceptance of | | < 2.5

&
T
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Efficiency

Vector Boson Fusion in SUSY

CMS Simulation, Vs = 14 TeV

CMS Simulation, Vs = 14 TeV

o

W(ev) + jets

— Phase |, <PU>=0

— Phase |, <PU>=140

— Phase Il Conf3, <PU>=140

— Phase Il Conf4, <PU>=140
] AT PRI PR IR I

> The lepton selection efficiency is
crucial in order to achieve high
efficiency for lepton vetoes to
reduce W and tt backgrounds.
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> The pileup jets outside the tracking
coverage (CMS) are visible in the forward
region outside the tracking coverage for
140 pileup scenarios.

> HL-LHC = the extended tracker coverage
can reduce pileup jets substantially up to
Inl ~ 4



Vector Boson Fusion in SUSY: Detector configuration

» Number of jets rises dramatically in forward region without tracking

—> MHT and Mjj strongly affected

 Analyses depending on measurement of forward jets profit most from tracking up to |n| < 4

» Background reduction by factor 3-10 expected

CMS Simulation, Vs = 14 TeV, L = 3000 fb™

W(lv) + jets
— Phase |, <PU>=0
— Phase |, <PU>=140

Events / 20 GeV
H
o

10°F

10/ -
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0 50 100 150 200 250 300 350 400 450 500
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Vector Boson Scattering And Triboson Production

ATLAS-PHYS-PUB-2013-006 (ECFA 2013)

» Sensitivity to new physics can be achieved through heavy vector boson scattering via EWK processes.

W- ve
W+ &Y

' mu-
u+

A striking experimental feature of vector boson scattering is the presence of two high-pT jets in the
forward regions, similar to those found in Higgs production via vector boson fusion.

» Vector boson scattering happen through > Observation
 Double triple gauge coupling (TGC) o (Cross-section rises quickly with the energy
 Quartic gauge coupling (QGC)  Exploring gauge-Higgs sector in detalil
 s-channel and t-channel Higgs scattering
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S
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Vector Boson Scattering: Results for ZZ channel

ATLAS-PHYS-PUB-2013-006 (ECFA 2013)

VBS Z7Z — €t6¢

Signal topology of such events:

 Multi-leptons with two forward jets Direct interaction of the gauge boson
M; > 1 TeV for non-VBS diboson production ~ "e'ds Vi a;'e'd strength tensor
« small cross section but provides clean, Low = %VTr(WW )¢

reconstructible final state.

—_l
o

-~ ATLAS

>
0 e o g ] S 9 Simulation E
% 35 ATLAS Simulation Preliminary . VBS ZZ (SM) = 8 e Preliminary E
L] J.L= 3000 fo* . SMVBS ZZ+ 3 = _p 3000 fb”
30 7 Cp=tsmeviy 2 L
SMZZQCD 5;
20 = -
] 4r
15 - af
10 = of
5 - 1
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Vector Boson Scattering: Results for WW channel

ATLAS-PHYS-PUB-2013-006 (ECFA 2013)

Signal topology of such events:
» Two same-sign leptons with two forward jets

M > 1 TeV for non-VBS diboson production VBS W=W= — vy

 Major backgrounds: Wzjj, Wy, WZ and WW-QCD )
J J Iy, D - B 1) D, x (D) DY)
3000/fb improved the analysis significantly & 10F 7T ]
" = - - - 8 9 Simulation =
2 C ATLAS Simulation Preliminary .VBSssWW(SM) ] S _[Preliminary
£ 35001 f ) 4 & 8 _ E
w - L =3000 fb - SMVBS ssWW + 7 = —3000 fo'!
3000F 77 fgp=10Tev* 3 c% 7? 1 E
- = 6F — 300 fbr
2500F- 1 smssww acp E :
2000 SMWZ + mis-ID ] i
1500;— —; 3
1000 = of
500F- = 1
1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 .
] 2 3 a % 0 2 4 6 8 10
my, [TeV] foo/A* (VBS W*W* Vi) [TeV]
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Vector Boson Scattering: Triboson Scattering

ATLAS-PHYS-PUB-2013-006 (ECFA 2013)

Signal topology of such events:
 Final state with di-lepton and di-photon
 Allows full reconstruction and calculate Zyy Lrg = J1s I8 B BB

invariant mass };9
Lry =~ BoyB"BsB"
£ SRR RARES RAR RN RN RN RS RS RARRE AR o 10p
Q 45k ATLAS Simulation Preliminary E 'S ok
3 40F 8- f/A*=04TeV* ] o 9N
= C -o- SM - T 8F
c o 3 2 - —3000 fb
w35k ~o-2ZyJ = T b =
- 44 ] 2 —300 b
30__ _: n 6F ]
25 J L dt = 3000 fb '3 5 ;
201 s=14TeV 4F E
15 — 3
- . - Simulation?
105_ E 2 Preliminary-
5 — 1= E
- E 0 coa b e WA | IR AR
B4 25 26 2.7 28 29 3 31 3.2 33 34 8 2 1 0 1 2 3
l0g10 M(I"Tyy) [GeV] fro A (Zyy—TTyy) [Tev?]

(o)A
A7
W L P Altan Cakir | Prospect of New Physics Searches using HL-LHC | DESY 2014 | Page 37
" A /,ﬁ
s



Vector Boson Scattering: Summary

» HL-LHC enhances discovery range for new higher-dimension electroweak
operators by more than a factor of two.

If Beyond the SM discovered in 300 fb-! dataset, then the coefficients
on the new operators could be measured to 5% precision with 3000 fb-

<)t

. . 300 fb~! 3000 fb~!
Parameter | dimension | channel | Ayy [TeV] = 95% CL = 95% CL
cow /N 6 77 1.9 34TeV™> | 20TeV™> | 16 TeV™> | 9.3 TeV™>
feo/ A 8 WEW= 2.0 10 TeV™ | 6.8 TeV™* | 45TeV™ | 0.8 TeV™*
fri/A 8 wZz 3.7 1.3TeV™ | 0.7TeV™ | 0.6 TeV™* | 0.3 TeV™
frg/A* 8 Zyy 12 09TeV™* | 05TeV™ | 04 TeV™ | 0.2 TeV™
fro/A* 8 Zyy 13 20TeV™ | 09TeV™ | 0.7TevV™ | 0.3 TevV™
Ay unitarity violation bound corresponding
to the sensitivity with 3000 fb™!
’
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Vector Like Charge 2/3 Quark Search

CMS-PAS-FTR-13-026 (ECFA 2013)

» Vector like quarks differ from SM quark since they have only vector-couplings to the W boson

» Vector-like mass term does not violate gauge invariance t
without the need for a Yukawa coupling to the Higgs boson th T©T°
» Vector-like quarks are e.g. predicted by little Higgs models Q h" " h

 Another natural solution to cancel the diverging contributions  Analysis based on arXiv:0105239

and performed in

of top quark loops to the Higgs boson mass! . Single Lepton
» Multi-Lepton

Hathor-MC used for signal production

1.0

I I
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Vector Like Charge 2/3 Quark Search

CMS-PAS-FTR-13-026 (ECFA 2013)

Signal topology of such events:
» Massive T quarks characterized by two to four vector bosons and at least two b-quarks.
 Single lepton - one W boson decays leptonically and all the other bosons decay to
hadrons (categories based on jet multiplicity and b-tagged jets)
e Multi Lepton - at least one Z boson or at least two W bosons decay leptonically
(categories based on multiplicity and charged of leptons )

x10° CMS Simulation 2013, |s = 14 TeV, 3000 fb 1 CMS Simulation 2013, |'s = 14 TeV, 3000 fb™

2 % - — -
§ i:ggz Ny tags = 1 - top : 825000:— W tags = 1 - top E
I 16005— N, tags =0 - ewk ) E Lu : b tags = 3 - ewk ) E
o3 X50000 TT (1200 GeV) - 20000} x1000 TT (1200 GeV)]
1200 x100000 TT (1400 GeV)] E X2000 TT (1400 GeV) ]
1000 x100000 TT (1600 GeV) 15000 x2000 TT (1600 GeV)]

800

600; _ 10000: g

400} = ¥ ]

200F = S000¢ B

oF I ¥ ]

0 1000 2000 3000 4000 5000 6000 ok ]
H, [GeV] 0O 1000 2000 3000 4000 5000 6000

H; [GeV]

Single lepton with nlets>= 3 jets with at least one W-jet in two

different b-tagged jet categories
Altan Cakir | Prospect of New Physics Searches using HL-LHC | DESY 2014 | Page 40



Vector Like Charge 2/3 Quark Search

CMS-PAS-FTR-13-026 (ECFA 2013)

CMS Simulation 2013, Vs=14TeV, L = 3000fb™* CMS Simulation 2013, Vs=14TeV, L = 3000fb™*
g —— 95% CL Exclusion =) _ :
Cll e teach 2 [ ecombined 95% CL Exclusion
107 —— 5o reach © 1 —— 3o reach
E — Theory 107 E —— 5o reach
1025 - —— Theory
N 102
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10" 1000 1200 1400 1600 1800 2000 10°
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T o reacn nsen 10" 71000 1200 1400 1600 1800 2000
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1021 ~— » The mass reach for the discovery of a heavy T quark at 3o and
50 level is expected to be 1.65 TeV and 1.48 TeV, respectively.
10'3; : . . . :
= Multi | epton > A light Higgs at 126 GeV on composite Higgs model - light top
o partners with masses around few TeV are essential for a
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Summary |

1 Supersymmetry and naturalness:

0 Gluinos mass reach enhanced by 400 GeV up to 2.4 TeV, for x,° with mass of up to 1.1 TeV.
u Squarks mass reach shows strong dependency based on gluino mass assumptions

u For LSP masses below ~ 300 GeV a stop discovery would be possible up to ~ 1.2 TeV
u  For LSP masses below ~ 300 GeV a shottom discavery would be possible up to~ 1.3 TeV

o Gain of ~300 GeV in chargino/neutralina mass discovery reach when going from 300 fb-! to 3000 fb!
. VBF searches, dark matter and forward tracking

u depend crucially on forward tracking for pileup mitigation
] Vector Boson scattering

v HL-LHC enhances discovery range for new higher-dimension electroweak operators by more than
a factor of two.

1 Vector Like charge 2/3 quark: search can probe masses up to 1.5 TeV
L1 Search for ttbar and dilepton resonances
u gain up to 50% in mass reach for KK gluons or dilepton to several TeV

1 Search for W and heavy stable charged particles: signal efficiency and TOF importance
are very critical for discovery

&t

3

N\ L ' Altan Cakir | Prospect of New Physics Searches using HL-LHC | DESY 2014 | Page 42
h A |
LS =



Summary Il

» Key guestions?

= |s the mass scale beyond the LHC reach?

= |s the mass scale within LHC s reach, but final states are elusive?

»We must carefully analyze the implications of these two
items in formulating detector concepts, and planning
running conditions.

= optimized to address sub-TeV and multi-TeV physics, respectively

Nepr=m
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Conclusion and Outlook

The results from ATLAS and CMS will continue to set the
agenda across the energy frontier for the foreseeable future

v Run-l demonstrated the excellent performance and sensitivity
over wide range of signatures but
 in fact just started to test various BSM physics

v" HL-LHC era improves significantly the current boundaries and
open an important window to new physics prospects

Benefits of HL-LHC

O Reduced statistical and systematic uncertainties in searches
> Improvement of detector modeling and understanding
of background processes

O Increased sensitivity of low cross section processes

O Probe a significant part of the interesting range of phase
space for new physics prospects
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Vector Boson Scattering: Results for WZ channel

ATLAS-PHYS-PUB-2013-006 (ECFA 2013)

Signal topology of such events:

* Multi-leptons with two forward jets VBS WZ — (vt
» Lepton from W should be identified f
e Larger cross section but there is an Ly = 2 T Woy W1 x TH W, W]
unidentified lepton in the event.
'6'10:“‘\“‘\“‘\“‘\“‘“‘“““
. S .8 9 Smuiaon :
-_g ATLAS Simulation Preliminary . VBS WZ (SM) _z S 85* Preliminary
(T I L = 3000 fb' .~ SMVBS WZ + 3 = —3000 1"
77 ty=10Tev* 3 5 7F
B vBs wz (sm) 3 P g 00
2502_ SM WZ QCD _E 5;, ............................................................ —]
200F = ' E
150 = 3 E
100F = 2F E
50 i 13 E
- - b 02040608 1 1.2 1416

L L L L |
06 0.7 08 09 1
My, [TeV] fr/A* (VBS W*Z—VITT) [TeV]
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Vector Boson Scattering: Results for WZ channel

CMS-FTR-13-006(ECFA 2013)

Signal topology of such events:

e Multi-leptons with two forward jets VBS WZ — {vll
» Lepton from W should be identified IS
 Larger cross section but there is an Lr = FTr[WavWﬂ'B] X Tr[W, g W]

unidentified lepton in the event.
CMS Projection: ¥s = 14 TeV, L = 3000 fb'
T T | T T T | T T T | T T T | T T T

c ]

Significance 30 50 e} WZQCD 7

SM EWK scattering discov 75fb 1 | 185 1 | @ % =ZZ E
Il at 300 fb~! 08TeV~* | 1.0TeV* | § 6000 =

> PBWzZEWK -

é} at 3000 fb~1 045TeV—* | 055TeV~* | @ (00 E

c K+ LT1 ]

G 4000 =

= ]

Observation of anomalous couplings of this type 5 300 E
may indicate new physics in the electroweak 2000 =
symmetry breaking sector. 1000 :

AT AN AT

800 1000 300 14
WZ Transverse Mass, GeV/c?
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Search for ttbar resonances

ATLAS-PHYS-PUB-2013-006 (ECFA 2013)

Signal topology of tthar resonances:
» Final state with di-lepton and single lepton

 Leptonic ttbar: clean final state but more difficult

reconstruction of ttbar invariant mass

» Semi-leptonic ttbar: more complete reconstruction,

but higher background

'ATLAS Preliminary I'tt o
(Simulation)

L dt = 3000 fb™ W-jets

Events / 400 GeV

%44 TeV gkk
10*
10° y
10?
10 ;
0 1 2 3 4 5 6
My [TeV]

¢ B [pb]

—_

10"
0—2

—_

0-3

—_

10

di-leptonic selection (similar results for single-lepton selection)
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||||||/|02(|)
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Search for di-lepton resonances

ATLAS-PHYS-PUB-2013-006 (ECFA 2013)

Signal topology of ttbar resonances: Mass reach for Z* dileptons can be
o :
> Exactly two selected same flavor leptons enRance by-<Co:wiks 2000
» 7 ->mumu candidate events must have two ~ _model 300fb7"  1000%~ 3000fb
PR Zigy = €e 6.5 7.2 7.8
opposite-sign muons 2N o o - e
L R B ' L = 10g L e L R L
S q0° ATLAS Préliminary . 2 ) e Ex imit o
i:; e (Simulation) IZ/Y —ll % b JLdt = 3000fb™ - Exgiz::jli”:(: 4
5 f Ldt=3000f0" 10_15 ATLAS Preliminary Expected+26 ]
= . 7 , E  (Simulation) , E
10 /5TeVZ 10_2; Z— |l N
10° / g is =14 TeV s
108 10'3? E
10° 10 E
2 - ]
e o'k L
1 10°g E
1 C .
107006 01 0.203 2 3 4567 107 7000 6000 8000 10000
my [TeV] my [GeV]

The reconstructed di-muon mass spectrum (similar results for di-electron)
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Search for Heavy Gauge bosons via di-leptons

CMS-NOTE-13-002 (Snowmass 2013)

Signal topology of Z™ searches:
» Di-lepton pairs - electron (muon) p; > 35 (45) GeV and |n| < 2.5 (2.4)
» Electron (muon) identification efficiency 88 (85)% taken from 8 TeV analysis
e Use ECAL barrel and endcap regions
* One electron must be found in barrel region
o Also studied is a case reduced acceptance due to degradation of the ECAL endcaps at HL-LHC

104 e'e channel CMS Projection, 14 TeV = e~ T T T T =
.’g NN a = CMS Projection Preliminary, Is = 14 TeV E
= = —e— discovery 300fb’ 3 g C \ ]
’;3‘ - —e— discovery 1000fb™ n % 10° i ——e— discovery at 50 with 300/fb _

2L . B — = 3
TWE NN e discovery 1000fb™, EB-EB only "3 = —+— discovery at 50 with 1000/fb 3
N - —e— discovery 3000fb™ 3 - . . .
& D NN N discovery 3000fb™ EB-EB only _] . - —=a— discovery at 50 with 3000/fb B
O. 103 E- \ ! — 10 g_ _§

10" — 10* ~

of . ) 1 sl 7,10 i

10° —— Z'sgu (LO) N = 107 2%Uo) E

= ) _ 3 - 7\ (o) 3
7, (LO) NS ] - 2,00 ’

] ' 5| _|

1065—|—Zw(ILO) | | | | - O e L DN |
1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 ?f\f(’ﬂ 5 [ég%’]
m(Z') [GeV] s




Search for W and Dark Matter

CMS-NOTE-13-002 (Snowmass 2013)

Signal topology of W™ searches (SSM W™ and dark matter effective theory):
 High p; lepton and missing energy

o W™ considered to be heavy analog of W boson

» Dark matter model - a pair of dark matter particles are produced in association with a lepton
and a neutrino deriving from an intermediate SM W
» The signal efficiency 60 (10) % in the case of constructive (destructive) interference (8 TeV)
— 6200CMS projection _ Is =14Tev. —  CMS projection Is = 14Tev.  _ CMSprojection _ /s =14TeV
2 W —sev,uv 2 Dark matter e + MET, u+ MET 1 g [Darkmatter, e+ MET, u+MET, M =10 GeV -
gGOOO*SGd scovery threshold T N o o " 50 discovery threshold 310_38’50 discovery threshold )
§ i //// 1 < - ol E=-1 signal efficiency 60% g —:— X,ngll, si.ggnallef:ri.encyylé);/j
- L o) N , E=-1, 5|- nal e |F|§nc %
_E 5800 / i 25 —m— E=+1, signal efficiency 10% % i AV %:ﬂ' .Slgnal e.ff!mency 100% |
; / i T . . g 10 k l- V, E=-1, signal efficiency GO/o‘ o
S600p ]r ] ) P |3 |
i i r R : i ‘ - —=a
5400 . - 10w E
i ] 15 :] — . : E{ ........... ]
5200/ ] - /./-—/' : 7.0. \:\\ ..................... a
] L e
ool assumed  mass ndepencdent igna icioney 1: | L S N N T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0500 1000 1500 2000 2500 3000
Luminosity (fo”) Luminosity / fb* Luminosity / fo
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Search for Heavy Stable Charged Particles

CMS Projections at Vs = 14 TeV CMS Projections at Vs = 14 TeV

T g 01— L I I

CMS-NOTE-13-002 (Snowmass 2013)
Signal topology of the search 1
 Long lived gluinos, stops and staus 10k
 various combinations of signatures in :

Gluino ‘(leo%) E St(‘)p E
E=== Thpred. (NLO+NLL) T C s Thpred. (NLO+NLL) ]
—e— 300 fb™ - dE/dx+TOF _ 1 —e— 300 fb* - dE/dx+TOF
---©--- 3000 b - dE/dx+TOF 3 g ---©--- 3000 fb™* - dE/dx+TOF 3
—4— 300 fb*-TOFonly 3 —— 300 fbt-TOFonly 7
—¥— 3000 fol- TOFonly ]| —— 3000 fbl-TOF only |

o (pb)
o (pb)

10

102¢ 102} ]
the inner tracker only, inner tracker . :
and muon detector only ald 7 “H : f
« long time-of-flight (TOF) to the outer **'F . P B B N
muon system and anomalously large ~ 10°F  Creees” EEC Seee E
energy deposition in the inner tracker  10°“55" 10661500 2000 2500 1°° 500 1000 1500 2000
e Background > instrumental effects Hase (VIS Hass (GeVIe)
e dE/dx unchanged with the combination g 05— Tom o3 g WETT T Tan e
s s Th pred. S === Thpred.

Of |0ng t|me-0f-ﬂ|ght and h|gh|y 1% —— 300fbj1-dE/dx+T0Fi 1% —— 300fb'1-dEIdx+TOFi

---©--- 3000 b - dE/dx+TOF 3 ---©--- 3000 fb™* - dE/dx+TOF 3
—+— 300 fb*-TOFonly 7 —+— 300fb*-TOFonly 7

|On|Z|ng Slgnatures for HL_LHC 10_1; —+— 3000 fi* - TOF only é 10_1; —~— 3000 fb*- TOF only é

> the exclusion results rely entirely on
theoretical cross section predictions
made in the context of a given model sl e sLoeg
(Split SUSY, GMSB and UED ) E e tnaoie T e —

500 1000 500 1000
Mass (GeV/c?) Mass (GeV/c?)
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Strongly produced SUSY: Gluino Searches

| Slfp region | sample | Niignal | Neontrol | Rcs |
tt 16.74+4.5 | 227.4419.1 | 0.073095
ttV 0.8+0.2 | 18.1+4.4 0.047
450 < SITep < 550 GeV single top 0.040.0 1.2+0.5 0.038
V +jets 0.040.0 0.0+0.0 0.000
SM all 17.54+4.5 | 246.7+19.6 | 0.071
signal(2000,300) | 6.3+1.0 3.3+0.7 1.909
tt 44+14 76.849.8 0.057
ttv 0.4+0.1 3.740.6 0.109
550 < S}rep < 650 GeV single top 0.0+0.0 0.2+0.1 0.211
V +jets 0.040.0 1.6£1.6 0.000
SM all 48+14 | 823199 0.059
signal(2000,300) | 5.14+0.9 3.84+0.8 1.360
tt 0.8+0.2 29.1+5.1 0.027
ttv 0.14+0.0 1.6+£0.4 0.055
650 < SITeP < 750 GeV single top 0.0+0.0 0.34+0.1 0.000
V +jets 0.040.0 0.0+0.0 0.000
SM all 0.9+0.2 31.1+5.1 0.028
signal(2000,300) | 7.3+1.1 3.9+0.8 1.885
tt 1.5+04 | 15.54+2.8 0.095
ttV 0.2+0.1 1.04+0.3 0.162
S?p > 750 GeV single top 0.040.0 0.140.0 0.050
V +jets 0.040.0 2.5+1.6 0.000
SM all 1.6+04 | 19.143.3 0.086
signal(2000,300) | 31.6+£2.2 | 17.6£1.6 1.803

» The discovery range of gluinos can be enhanced 300 GeV for 300 fb™' to
3000 fb™ up to 2.2 TeV, for x,° with mass of up to 1.2 TeV
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Strongly produced SUSY: Squark and gluino Searches

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)%

Table 8: Yields for the main backgrounds and selected signal points simulated with {u) = 60, normalised to £ = 300 fb~!. The signal samples samples
are normalized for the scenario with a gluino mass of 4.5 TeV.

Region | SR2jl | SR2m | SR3j | SR4jl | SR4m | SR4jt | SRSj | SR6jl | SR6m | SR6jt
WHjets 45.0+3.5 2.7+0.9 11.2+1.8 11.8+1.8 25.7+2.7 113+6 304 +29 85+15 6.3+1.3 3.6+1.0
Z+jets 104.4 + 3.1 16.9+1.2 43.0+2.0 48.5+2.1 75926 | 111.1+32 | 744+2.6 20.7+ 1.4 13.0+ 1.1 10.0+ 1.0
1t 157+1.8 1.6 £ 0.5 4.2 +0.8 51+1.1 106 £ 1.5 459+34 19.3+22 52+1.1 6.0+1.2 34+09
Diboson 184 +1.7 24 +0.5 6.5+0.9 73+1.0 125+13 30.0+24 13.8+1.5 3.8+0.8 2.8+0.7 1.9+0.5
Total background | 1835 | 23.6 1.7 | 649+29 | 72.6 +3.1 | 125+ 4 | 300 + 8 | 1385 | 383+25 | 28.1£2.2 | 18.8 £ 1.7
Za - 119GSeOVGeV 68.8 +£0.6 1248 +£0.27 | 354+0.5 | 1841 +0.33 | 70.6+0.7 | 1024 +0.8 | 83.4+0.7 256 +£04 44.6 + 0.5 354+0.5
-0 =
X
mg = 1425 Gev 126 +1.2 3.7+0.6 85+1.0 75+0.9 8.1+09 6.2 +0.8 4.7+0.7 1.6+04 1.05+0.33 | 1.05+0.33
My = 1400 GeV
m = 1050 Gev 25+1.1 1.5+0.9 20+1.0 35+1.3 6.4+1.8 4014 74+1.9 3.5+1.3 1.5+0.9 1.5+0.9
my = 900 GeV
Zq - f?gVGeV 141.7+£0.9 60.1 £0.6 82.1+0.7 392+0.5 59.3+£0.6 589 +0.6 284+04 | 7.84+0.21 | 8.00+0.21 | 7.57 £0.20
-0 =
Xl
% T T T T I T T T T I T T T T I T T T T I T T T T I T T T T % T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
o} ATLAS Simulation Preliminary Ldt=300 ", (uw = 60 (o} ATLAS Simulation Preliminary L dt = 3000 16", () = 140
3 6 jets, ET** > 160 GeV s (§) = 1950, m(7°) = 1 B 10° 6 jets, ET** > 160 GeV s (§) = 1950, M) = 1
2 ET/m,, > 0.2 m(g) = 1425, m(¥,) = 1400 ° E/m,, > 0.15 m(g) = 1425, m(r)) = 1400
S ——— SM Total S ——— SM Total
& I Z+jets 5 10° . Zejets
I W+jets I WV+ets
tt and single top tt and single top
I Diboson I Diboson

= alae
4000 5000 6000

[\ 4
5000
mg; (incl.) (GeV) mg; (incl.) (GeV)

(c) 6jt, 300 fb! (d) 6jt, 3000 fb!
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Strongly produced SUSY: Squark and gluino Searches

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014

Table 9: Yields for the main backgrounds and selected signal points simulated with (u) = 140, normalised to £ = 3000 fb~'. The signal samples
samples are normalized for the scenario with a gluino mass of 4.5 TeV.

Region | SR2jl | SR2jm | SR3j | SR4jl | SR4m | SR4jt | SRS | SR6l | SR6m |  SRéjt
Wjets 8+5 5+4 38+ 10 8+5 14+6 101 £ 17 14+6 25+8 11+5 0.00 £ 0.00
Z+jets 51«7 51«7 185+ 13 78 +8 127 £ 11 125+ 11 65+38 85+9 29+5 3.6+1.8
1t 9+4 9+4 20+5 7.0+3.1 186 37+9 11+4 17+5 35+2.1 14+14
Diboson 7.6 3.1 72+29 104+34 18«5 29 +7 9.9+35 14+4 4.8+26 0.6+0.8
Total background | 76 = 10 | 72+9 | 269 + 18 | 104 +11 | 176 + 14 | 292 +23 | 99 +11 | 141+ 14 | 48 +8 | 5.6+24
Zg i 11256()VGCV 558+1.8 | 434+1.6 | 1639+3.1 | 752+2.1 | 191.0+£34 | 159.1 +3.1 | 1527+ 3.0 257 +4 73.4+21 | 36.0+1.5
0~

my = 1425 GeV 10.5+3.3 15+4 48 +7 19+4 23+5 8.4 +3.0 14 +4 7.4 +2.8 53«24 | 0.00+0.00
my = 1400 GeV
mg = 1050 GeV 5+5 10+7 15+9 10+7 15+9 15+9 10+7 25+ 11 5+5 5+5
my = 900 GeV
mg = 2250 GeV 186 +3 208.2+34 558 +6 254 +4 320+ 4 182.6 £3.2 | 136.4+2.7 | 752+2.0 | 509+1.7 | 13.6+0.9
my =1 GeV

% T T T T 1 T I. T T I I. T T T I T T T T I T T T T I T T T T % T T T T 1 T I. T T I I. T T T I T T T T I T T T T I T T T T

& ATLAS Simulation Preliminary Ldt =300 6™, () = 60 ¢ F ATLAS Simulation Preliminary L dt = 3000 fio™, () = 140

8 10" 2jets, E™™ > 160 GeV s (G) = 1050, () = 900 8 107 E 2jets, E7 > 160 Gev s (G) = 1050, M) = 900

P ET*/\H, > 15 [Gev m(@) = 2250, m(%,) = 1 P ET**/\H, > 15 [GeV m(G) = 2250, m(z,) = 1

€ T — SMTotal ' T 10T — SMTotal '

o I Zsjets o I Zsjets

I W+jets E W-jets

2000

I Diboson

(a) 2jm, 300 fb!

tt and single top

m, (incl.) (GeV)

1000

2000

3000

tt and single top

I Diboson

m, (incl.) (GeV)

(b) 2jm, 3000 fb!
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Third generation SUSY: direct stop searches

ATLAS-PHYS-PUB-2013-011 (ECFA 2013)

(800,100)  (1100,100) (800,100)  (1100,100)
i 257425 6.6+3.8 ot 69+13  5.7£34
W 1542 0.9+0.5 i+ 2’ 323 ggi’g

1i+7 71+7 8.5+2.3 i * JEL

, W+jets 3+3 negligible
W+jets 41+11 5.4+3.8 Z+iets 1424 18413
Total bkg  385+28  21.4+5.9 Total bkg 129+15  12.2+3.9
Signal 880+18 55.7+1.5 Signal  457+13 46.0+1.4

1-lepton channel O-lepton channel
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Third generation SUSY: direct sbottom searches

Vs =14 TeV (w) = 60

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014 - T
) m— E 10° ATLAS Simulation Preliminary
Selection SRx g 104 J. L = 300 fo W tSftandard Model Total
Lepton veto No e/u with pr > 7(6) GeV for e(u) g 10° E ‘é\g;gjle{?op
E%Iiss > 150 GeV L%) 10 - rtn'::e,rmio)=(800,1)GeV
Leading jet pr(j1) > 130 GeV 10 LI () = (2000.1) Gev
Third jet pr(j3) veto if > 50 GeV ] ‘
b-tagging leading 2 jets y
(pr > 50 GeV, || < 2.5) 10
Admin > 0.4 102 [ W
E,rrniss/meff(z) E%liss/meﬂf(Z) > 0.25 10° H by I
mer > xGeV 0 500 1000 1500 2000
My > 200 GeV Mgy [GeV]

] SRA300 SRA350 SRA450 SRAS550 SRA650 SRA750
(m,;l,m)?(l)) = (1000, 1) 216 + 4 200 + 4 161 +4 1185+32 | 78.6+2.6 440+1.9
(mg, m)?(l)) = (1400, 1) 19.3+£0.9 18.4+0.9 16.8 £ 0.8 14.9 £ 0.8 12.8 £ 0.7 10.2 +£ 0.6
(mg, m)?(l)) = (1600,1) | 6.04+0.28 | 584 +0.28 | 555+0.27 | 5.19+0.26 | 457 +0.25 | 3.78 £0.22

it 32.6 £3.0 14.8 +£2.0 43+ 1.1 1.5+0.7 0.6+04 0.29 £ 0.29
single top 146 £ 12 83 +8 41 £ 6 25+5 12.7+3.2 8.9+2.5
Z+jets 508 + 8 249 + 5 70.5 £ 2.7 23.1+1.5 9.1+1.0 4.1+0.7
W+jets 92 +5 44 +4 93+1.7 29+09 1.6 £0.8 09+0.6

Other 54+0.5 33+£04 1.59+0.28 | 0.50+0.16 | 0.18 +0.09 | 0.15+0.08

A
S

" L
‘-
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Electroweak production of SUSY particles

CMS-PAS-FTR-13-014 (ECFA 2013)

Table 2: Standard model background predictions for the different scenarios at 3000 fb ™.

2 T

Phase I Phase I Phase II Conf3
Selection in GeV (PU)=0 (PU)=140 (PU)=140
yield & uncert. | yield &+ uncert. yield + uncert.
0 <Mt < 120 0<Fr <60 | (7.3£0.7)x10° | (8.0£1.2)x10° | (9.3£1.2) x 10°
0<Mr <120 60 <Fp <120 | (1.84£0.2)x10° | (84+1.2) x10° | (9.3+1.1) x 10°
0<Mp <120 120<Er<oco | (5.6+£0.8)x10* | (3.3£0.7) x10° | (3.34£0.7) x 10°
120 <M < 200 0 <Er <120 | (79+£0.8)x10% | (7.7£0.7) x 10* | (8.240.7) x 10*
120 <Mt <200 120 <F1 <200 | (1.2£0.2)x10% | (4.0£0.7) x 10* | (4340.7) x 10*
120 <Mt <200 200 <Ft < o0 359 + 84 (5.74+23) x 103 | (4.8+£2.1) x 103
200 <Mt < 400 0 <Er <200 | (23£0.2)x10% | (1.5£0.2) x 10* | (1.5+0.2) x 10*
200 <Mt < 400 200 <Ft < 400 303 + 52 (1.6 £0.5) x 10° | (1.44+0.5) x 10
200 <M1 < 400 400 <Pt < 24 + 4 69 + 35 39 + 12
400 <M < 700 0 <Ft < 300 249 + 24 395 + 58 390 + 42
400 <Mt < 700 300 <Ft < 700 67 + 13 95 + 19 100 + 24
400 <Mt <700 700 <Ft < oo 1.14+04 1.3+05 1.4 +04
700 <My < 0 0 <Pt < 400 30+3 27 +3 27 + 3
700 <My < oo 400 <Fr < 900 3245 31+5 30+5
700 <My < oo 900 <Fp < o 14404 1.5+05 1.2 +04
&

Altan Cakir | Prospect of New Physics Searches using HL-LHC | DESY 2014 | Page 58




Electroweak production of SUSY particles

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)%

Selection SRA SRB SRC SRD
msros[GeV] 81.2-101.2
# b-tagged jets 0
lepton pr (1,2,3)[GeV] > 50

E%‘iSS[GeV] >250 >300 >400 > 500
mr [GeV] > 150 >200 >200 > 200

{(uy = 60, 300 fb~! scenario yes yes yes —

(i) = 140, 3000 fb~! scenario yes yes yes yes

Table 2: Expected numbers of events for SM background and four SUSY scenarios for the WZ-mediated

signal regions. Uncertainties are statistical only.

Sample SRA SRB SRC SRA SRB SRC SRD
Scenario 300 fb~!, u=60 3000 fb~!, u=140
wz 9.60+0.32 4.59+£0.22 1.91+0.14 20045 59.4+2.5 22.0«+1.5 8.3x1.0
Z7 0 0 0 0 0 0 0
vvv 2.11+0.18 1.07+0.13  0.44+0.08 24.3+1.9 12.1+1.4 5.4+0.8 2.0+0.5
Wh 0 0 0 0 0 0 0
1A% 0.67+0.19 0.23+0.12 0 ‘ 14.4+2.8 42+1.6 0.31+0.31 0
tr 0 0 0 0 0 0 0
2 MC 12.4+0.4 5.89+0.28 2.35+0.16 ‘ 239+6 75.6+3.3 27.7+1.8 10.3+1.1
WZ-mediated
m()?(z),/\?(l))=(400,0) GeV 38.5+0.6 20.1+0.5 5.47+0.23 407+6 22445 67.9+2.6 19.7+1.4
m()?g,/\??)=(600,0) GeV 19.40+0.20 14.69+0.17 7.76x0.12 | 194.8+2.0 148.9+1.7 81.6x+1.3 33.5+0.8
m()?g,)??)=(800,0) GeV 6.97+0.06 5.90+0.06 4.21+0.05 69.6+0.6 59.1+0.6 42.4+0.5 25.2+04
m()?%,)??):(lOO0,0) GeV 2.31+0.02 2.05+0.02 1.64+0.02 | 22.94+0.19 20.42+0.18 16.36+0.16 11.55+0.14
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Electroweak production of SUSY particles

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014)%

Selection SRE SRF SRG SRH
SFOS pair veto
# b-tagged jets 0
EXiss [GeV] > 100
mBnAR [GeV] <75
mt(£y) [GeV] >200 >200 >300 > 400
mr(£2) [GeV] > 100 > 150 > 150 > 150
mr(€3) [GeV] > 100 > 100 > 100 > 100
(i) = 60, 300 fb~! scenario yes yes yes —
(u) = 140, 3000 fb~! scenario yes yes yes yes

Table 5: Expected numbers of events for SM background and four SUSY scenarios for the Wh-mediated
3¢ signal regions. Uncertainties are statistical only.

Sample SRE SRF SRG SRE SRF SRG SRH
Scenario 300 fb~!, u=60 3000 fb~!, u=140
Wz 0.28+0.06 0.14+0.04 0.05+£0.02 | 6.2+0.8 2.9+0.6 0.76+0.29 0.43+0.22
77 0 0 0 0 0 0 0
VvV 2.05+0.33  1.04+024 0.11+0.08 | 34+4  17.5+3.1  13+08  0.80.6
Wh 0.25+0.15  0.08+0.08 0 10.1429  25+1.5  0.8+0.8 0
% 0.68£0.15 0.21+0.08 0.07+0.05 | 9.6+1.8  41x1.3  11x0.6  0.4+0.4
i 37+0.5  0.95+0.27 0 121410 3645 3.9+1.8 0
¥ MC | 70607 2404  023x0.10 | 18111 636 79+22  1.6%0.7
Wh-mediated
m(¥5,%)=(200,0) GeV | 13.2+2.7 7.7+2.1 22+1.1 | 181+31 99+23 27+12 0
m(ts, ¥)=(300,0) GeV | 15.1+1.5  104+12 34207 | 16616  121+13  46+8 134
m(ts, X)=(500,0) GeV | 5404  4.58+033 3.19+0.28 | 57x4  46.1+34 319428  20.5+2.2
m(t,X)=(700,0) GeV | 1.75+0.10  1.55+0.10 1.27+0.09 | 18.1=1.1 159+1.0 12.840.9  9.1+0.8
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Vector Like Charge 2/3 Quark Search

CMS-PAS-FTR-13-026 (ECFA 2013)

Mass e3 + u3 e4 + u4
(GeV) Ob | 1 | 2b | =3b Ob | 1 | 2b | =>3b
Signal Event Yields
1000 3988 8767 8358 3079 1850 4236 4291 1383
1200 1110 2578 2414 865 523 1313 1288 408
1400 336 808 751 258 179 458 449 136
1600 109 267 241 80 67 177 168 52
1800 36 91 81 27 26 71 66 19
2000 12 32 28 9 10 29 27 8
Background Event Yields x10°
tt 31.3+6.2 |24.24+4.8|17.3+3.4| 2.5+£0.5 | 37.44+7.4 |21.3+4.2|15.6+£3.1| 2.1+0.4
Electroweak |135.94+27.1| 8.7+1.7 | 1.2+0.2 |0.0840.01|331.5+66.3|16.74+-3.3| 1.94+0.4 |0.10-£0.02
Total Background |167.34+33.4|{33.0+£6.6(18.4+3.7| 2.64+0.5 |368.9+73.8|38.0+7.6|17.54+3.5| 2.2+0.4
Mass (GeV) | 0S23 | OS5+ | SS | > 3¢
Signal Event Yields
1000 505 1050 467 431
1200 195 303 134 134
1400 69 93 38 40
1600 26 29 11 12
1800 10 10 4 4
2000 4 3 1 1
Background Event Yields
tt+non-prompt 1757352 179224-3585 24284-486 17034
Electroweak 532 &= 106 29084581 24284-486 397179
Total Background | 2289 &+ 458 | 20830 + 4166 | 4857 = 971 | 568 & 113
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CMS Detector Upgrade

At 13-14 TeV:

@ possible discovery with 300 fb—1! High_luminOSity LHC
@ extension of discovery reach at HL-LHC |
» L matters for EWK processes

» gain from improved detector 14TeV L ~ 3000 fb_l

@ and further study in case of discovery 300 1 .(PU> ~ 140
(PU) ~ 50 >
13-14TeV - |

L~ 100 fb~* Phase 2 Upgrade:

tracker replacement
tracker up to |n| < 4
forward calorimetry
muon up to |n| < 2.4
further trigger upgrade

Q@ Pixel
@ HCAL
Q L1 trigger

8TeV

Courtesy L. Schutzka
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