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Further discoveries ahead?

= LHC Runs 2+3 with 300 fb-' at Vs = 14 TeV

= Dramatic increase in sensitivity in multi-TeV region relative to Run 1
at s = 8 TeV

1000 ¢ —— —— ——
- ratios of LHC parton luminosities:
- 14 TeV/8 TeVand 33 TeV/8 TeV

Cross section

14Tev/8Tev 99 N __
M, = 2 TeV ~20  ~10 g ;o
My = 3 TeV ~70  ~30 3

My = 4 TeV ~400  ~160 5 ‘:

= Discovery reach in multi-TeV region _____________________
benefits the most 1

MSTW2008NLO
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= HL-LHC with 3000 fb'at Vs = 14 TeV

= x10 luminosity increase to benefit searches for new physics with lower
production cross section

= What discoveries are possible only at HL-LHC?
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Future LHC Running

= Expect peak lumi=5x103* cm2s-1in 2025 and beyond
- integrate ~250-300 fb-' / year with HL-LHC
[note: machine being designed to go up to 7.5 x 1034 cm=2s1]
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HL-LHC Science Case

= Science case based on 3000 fb-! delivered by HL-LHC
and “traditional” motivation/arguments

= Precision studies

= Higgs properties, incl. rare decays (up and Zy) and self coupling?
- coupling improvements by factor of ~2-3

= Top properties (couplings, FCNC, rare decays)
= W and top mass
= BSM searches
= Extended scalar sector, dark matter, new particles, etc.

= Extend mass reach of heavy particle searches by ~20%

= Extend mass reach of weakly-produced new particles by factor up to ~2
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HL-LHC Science Case

= HL-LHC program: a significant challenge for the Standard Model

Battle of Waterloo
18 June 1815
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HL-LHC Scenarios

1. What if new physics discovered in Runs 2 or 3?

2. What if hints of new physics appear at the end of Run 3 or early
in Run 4 @ HL-LHC?

3. What if NO hints of new physics appear after 1 ab-' @ HL-LHC
(or after 300 fb-! in Runs 2+3)?

-> Criterion for “hints of new physics”?
= At least 1 analysis with 3 o deviation from SM?
= At least 2 such analyses? Same analysis in each ATLAS & CMS?

»= Higher significance threshold?
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HL-LHC Scenarios

1. What if new physics discovered in Runs 2 or 3?

a. Enhance searches with signatures similar and related to those where
new physics appeared

b. Revisit trigger menu to address potential interpretations of evidence

c. Modify upgrade detector designs to enhance sensitivity

2. What if hints of new physics appear at the end of Run 3 or early
in Run4 @ HL-LHC?
a. Same as above?
b. Same as above?

c. Still time to modify upgrade detectors?

3. What if NO hint of new physics appears after 1 ab-' @ HL-LHC
(or after 300 fb-! in Runs 2+3)?

= Focus on precision measurements?
= Attack less conventional signatures more aggressively?

= Both impact trigger menu
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HL-LHC Scenarios

3. What if NO hint of new physics appears after 1 ab-' @ HL-LHC
(or after 300 fb-! in Runs 2+3)?

a. Precision, precision, precision (Higgs, Electroweak and QCD measmts)

b. Keep same LHC parameters, but open up 1/2 of the HLT rate to triggers
for "crazy stuff”
- What kind of crazy stuff?

i. Hard-to-reconstruct processing
ii. Trigger-level analysis?
lii. Many low-pT particles / compressed scenarios?

iv. What else?

c. Fill a few of the bunches with small number of protons to get some

collisions with low lumi. - with tunable fraction of high to low lumi.
- What kind of physics benefits from low PU?

i. Some crazy diffractive physics?
li. With the scattered proton detectors in roman pots?

lii. Something with hidden glueballs / soft photon radiation?

d. Add new detectors to the existing ones?
e.g. in the spirit of http://arxiv.org/abs/1410.6816 ?

9 June 2015 HL-LHC Data-taking Strategies 8




Extras:
Higgs and BSM prospects

from ECFA HL-LHC
workshop
21-23 Oct 2014

https://indico.cern.ch/event/315626/other-view?view=standard

9 June 2015 HL-LHC Data-taking Strategies 9



Higgs factory: HL-LHC

Higgs bosons
at vs=14TeV

HL-LHC, 3000fbt | 170M

VBF (all decays) 13M

ttH (all decays) 1.8M

H->Zy 230k

H->pp 37k

HH (all) 121k
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Coupling fit |

 New: VH->bb included in ATLAS, updates for H->Zy, VH/ttH->yy (*)
* No BSM Higgs decay modes assumed

* Comparable numbers for k,y,k; k; and k, between the experiments

 Couplings can be determined with 2-10% precision at 3000fb-* for CMS
Scenario 2

K, Ky K, K, Ky K, K, Kz, K,

300fb* | ATLAS | [9,9] [9,9] [8,8] |[11,14] | [22,23] | [20,22] | [13,14] | [24,24] [21,21]’

300fb? CMS [5,7] [4,6] [4,6] [6,8] |[10,13] | [14,15] | [6,8] | [41,41] | [23,23]

3000fbt | ATLAS | [4,5] [4,5] [4,4] [5,9] |([10,12] | [8,11] | [9,10] | [14,14] | [7,8]

3000fbt | CMS [2,5] [2,5] [2,4] [3,5] [4,7] | [7,20] | [2,5] [[10,12] | [8,8]

(*)
e ATLAS: [no theory uncert., full theory uncert.] ATL-PHYS-PUB-2014-011

e CMS: [Scenario 2, Scenariol] ATL-PHYS-PUB-2014-006
10/21/14 ATL-PHYS-PUB-2014-012

ATL-PHYS-PUB-2014-016



Higgs Projections

Coupling fit Il

* Remove the assumption on the total width
* Only ratios of the coupling scale factors can be determined at LHC
e Use given process as a reference

ATLAS Simulation Preliminary
/s =14 TeV: [Ldt=300 fb™' ; [Ldt=3000 fb"

CMS[Scenario2,Scenariol]

L(fb ") | kg-xz/ ku | ky/xz | kw/kz | xp/%z | kc/xz | k2 /% | Ki/Kg | Kpu/K7 | K29 /KZ

300 [4,6] 58] | [47] | [811] | [69] | [6,9] |[13,14] | [22,23] | [40,42]

3000 12,5] 1251 | 1231 | 35] | 1241 | 35] | [68] | [78] | [12,12]

—~ 5.7 26311988987 |94 |63 |14

» 2-3% accuracy on few coupling constants at HL-LHC
e Reduced theoretical uncertainties needed

iIIIIiIIII
0 005 0.1 0.15 0.2 0.25
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Mass dependence of couplings

* Higgs boson couplings versus the SM particle masses
* Define ‘reduced’ coupling parameters \

10/21/14

9 June 2015
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Higgs portal to Dark Matter

* BR of Higgs decays to invisible final states
* ATLAS: BR, < 0.13 (0.09 w/out theory uncertainties) at 3000fb™

* CMS: BR.. < 0.11 (0.07 in Scenario 2) at 3000fb™
* The coupling of WIMP to SM Higgs taken as the free parameter
* Translate limit on BR to the coupling of Higgs to WIMP

I T IIIIIII’ I T T T TTT

(r‘ 10_39_ T I"‘I l.lIII !
13 - A\ & ATLAS Simulation ]|
;\, 1041 . . Preliminary _|
100l T N a
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W/ f/ _|
a7 - W 7 e - -
10 e =
ol ot Is=14TeV, [Ldt=3000fb"
10 “_ """"" h—yy, h—=ZZ*—4l, h—=WW*—lvlv, __
10_51 '_ 8 h—2Zy, h—tt, h—=bb, h—puu _'
| 3 DAMA/LIBRA (99.7% CL)  ATLAS (95% CL)in  _|
- @ CRESST (95% CL) : .
1053 £ CDMS (95% CL) Higgs portal modal: - _]
| R CoGeNT (90% CL) z fni?cl)?;rﬁlwmp ]
~ —— XENON10 (90% CL) , :

10%°F —— XENON100 (0% CL) i veorwe - ATL-PHYS-PUB-2014-017
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Higgs Projections

Di-Higgs Production

* One of the exciting prospects of HL-LHC
* Cross section at Vs=14 TeV is 40.2 fb [NNLO]
* Challenging measurement
* New preliminary results from ATLAS and CMS
* Destructive interference

* Final states shown today
* bbyy [320 expected events at HL-LHC, 3000fb-]
e But relatively clean signature
* bbWW [30000 expected events at HL-LHC, 3000fb!]
* But large backgrounds

* bbbb and bbtt final states under consideration
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Higgs Projections: di-Higgs

3 2F ATLASSmulation Prefiminary ] 3 oo ATLASSmulstion Prelminiry
o °F (s=14 TeV, 3000 fb o I Vs=14 TeV, 3000 fb" 1 SM HH->bbyy 84£0.1
% 180 M H(bb)H(yy) ttH(yy) o [ H(bb)H(yy) tHyy) bbyy 97415
€ 16 ™ DbbH(yy) . {tX - fé’. 20~ W= X 5 ceyy, bbyj, bbjj, jivy 24122
q>3 14:_ - Z(bb)H(YY) - bbYY E q>,) - - Z(bb)H(YY) - bbyy . top background 34+22
w r Others (i i : Others ] ttH(vy) 6.1+0.5
121 = 151 ] Z(bb)H(yy) 27+0.1
10E = i i bbH(yy) 12401
- B 10 i a Total background 47.1+35
- . i S/VB (barrel+endcap) 1.2
- E 7 S/vB (split barrel and endcap) 1.3
| | L e
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CMS results

Process / Selection Stage | HH | ZH | ttH | bbH | yy+jets | y+jets | jets | t
Object Selection &

Fit Mass Window 228|296 | 178 | 6.3 2891 1616 | 292 | 113

Kinematic Selection 146 | 146 | 33 | 20 128 99 | 20 | 20

Mass Windows 99 [ 33 | 15| 08 8.5 6.3 1.1 ] 11

Table 3: The expected event yields of the signal and background processes for 3000 fb~! of inte-
grated luminosity are shown at various stages of the cut-based selection for the both photons in
the barrel region. Mass window cuts are 120 GeV to 130 GeV for M., and 105 GeV to 145 GeV
for My,. A large fit mass window, 100 GeV to 150 GeV for M., and 70 GeV to 200 GeV for My,
is used for the likelihood fit analysis. The statistical uncertainties on the yields are of the order ‘ , |

of percent or smaller. 1 23 4 5 8
Integrated Luminosity [10” fb™]

~ CMS Phase Il Simulation
~ Preliminary

S

—_
o
o

(o]
o

Illllllllllll

IS
o

Nominal Luminosity_:

N
(=}

o

Relative Uncertainty on Fitted Signal Yield [%)
o))
=]
Illllll‘\lllllllll\‘
| /

9 June 2015 HL-LHC Data-taking Strategies 16



Higgs Projections: di-Higgs

HH->bbWW analysis

- Search for HH - bbWW - bblvlv =

* Based on Delphes fast simulation tuned to CMS Phase Il detector
* Considering only the main tt background

* The rest of the SM processes are negligible
* Neural Network discriminant to suppress tt
 Signal region: Neural Network output > 0.97

Vs=14 TeV, PU=140

700
- CMS Phase ll, Delphes

Preliminary

Vs=14 TeV, PU=140

]
(=]
o

- CMS Phase II, Delphes
- Preliminary

e
=

4]
o
o

Arbitrary Scale
o
|

Relative Uncertainty on Fitted Signal Yield [%]

0.08 — — tt — bblvlv -
0.06 - 300
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0.04 :— 200—
0.02 100~
N & ke 1 1 .‘.-‘I".‘l‘r“l.-'."-l 1 l.."l.r.l-'-l 1 l ':-:"'L A 0: I l 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
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5
Background Systematic Uncertainty [%)]

Neural Network Output
9 June 2015 HL-LHC Data-taking Strategies 17




= Scenarios

= LHC Run 3 after Phase 1 upgrade: 300 fb-'at Vs =14 TeV, uy= 50

= HL-LHC after Phase 2 upgrade: 3000 fb-'at Vs =14 TeV, p = 140

= MC simulation
= Effect of pile-up taken into account

= Parameterization of upgraded ATLAS / CMS detector response
= Resolution and reconstruction efficiency for e, mu, tau, photon, (b-tag) jets
= Rates for light- and c-jets to pass b-tag requirements

= Parameterization depends on pileup

= Systematic uncertainties
= Generally based on completed 8 TeV data analyses

= Improvement from higher luminosity in case of statistical limitation (CR)

= Analysis techniques
= Simple approaches used - sensitivity can be further improved
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Dilepton Resonances

= Many extensions of the SM predict new resonances

= Heavy gauge bosons W’ and Z’

o arXiv:1307.7135
= KK excitations of vector bosons

e’e channel
I T T T T | T T T T I T T T T | T T T T
—e— discovery 300fb™

—e— discovery 1000fb™
........ discovery 1000fb™", EB-EB only
—e— discovery 3000fb™
........ discovery 3000fb™", EB-EB only

CMS Projection, 14 TeV
I T T T T | T T T T I -

10

= Clean decay channels
Z —>ee or uw

ATL-PHYS-PUB-2013-003

0.Br(Z'—ee) (pb)
<)

l IIIIIIII| IIIIIIIII IIIIIIIII IIIIIIIII T TTTTTH

£ 10°F " ATLAS Préliminary |y . -
= 10° (Simulation) IZ/V -l 10
£ 4o j L dt =3000fb”
> Z
w408 ZsTevz .
o 7 1050 — Zg (LO) - S
z, (LO) .
10° —ZzZyw) N
° 10°E L. Zy (|LO) | | | Lo
2 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 1000 2000 3000 4000 5000 6000 7000
10 m(Z") [GeV]
1
10"

Discovery up to 6.2 TeV (for SSM Z2’)

0.06 0.1

0.2 0.3 1 2 3 4567
m, [TeV]

Z’ mass lower limit @ 95% CL Run1 @8 Run3 @ 14 HL-LHC @ 14

in SSM [ ATLAS ] TeV (20 fb™) TeV (300 fb-')  TeV (3000 fb-1)

Z’' mass (ee) Upto2.79TeV Upto6.5TeV  Upto7.8TeV No systematic
uncertainties included

Z' mass (M) Upto253TeV Upto6.4TeV Upto7.6 TeV
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@ Non-resonant signatures

* Models y w*
= Contact interactions in charged-current processqq 2> |l v N/&W X

= Dark matterinpp > WDMDMandW - Ilv (“mono-lepton”)

= Shape discrimination in transverse mass distribution
= Compare SM W - | v with 1 fb signal from CI or dark matter

X

» Significant separation from SM shape only achieved at HL-LHC

y 14 TeV 5 14 TeV
.E 10 T TTT l T TTT I T TTT | T T TT l T TTT | T TTT | T TTT l T TT U) L | |
5 o — et ot v § s -
ark matter V, M = eV, A= eV, &= T Simulati DM &=-1 —
D40 Dark matter \V, M = 10 GeV, A = 600 GeV, & = +1 Ro - >fmuation ]
E 10 Clar mater V, eV, eVv,§=+ 7 - e+ E?ISS |:] DM &=+1 .
0] 8 L g _
s 10 SSM W' M = 5 TeV < 6 - DM £=0 Bl standard model -
w7 SSM W', M = 6 TeV © - .
= SSMW',M=7TeV = S ~
10° c - ]
CMS Q9 C H
10° Simulation 8_ 41—
104 1 pseudo experiments 3000 fb' for 6=1 fb c C
3+
10°§ 2 -
i
10° =
10} g
1 g | | | | | | | | | |1 Iﬂ 1 " [m_nm | ] |
0 1000 2000 3000 4000 5000 6000 7000 8000

300 fb™! 1000 fb™!
M, (GeV)
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Dark matter ATL-PHYS-PUB-2014-007

* Models : o
= Effective Field Theory : pu
(contact interaction btw SM and DM particles) /
= Simplified models with explicit mediator - o/ \\
= Signature (“mono-X”) a i

= |nitial state radiation or direct coupling via mediator particle
= Mono-jet: high-p; leading jet (< 2 jets), large E;™ss, e/u veto

o 102~ T T T T 3 0 oo T = EZO =
= - ATLAS Simulation Preliminary 1 & 2OE_l_H C ERE H L LH C AT’-AS Slmulaﬂon Pfellmlnary ]
S o Tey 1 €k ATLAS Simulation Preliminary{ £ 18 (14 ToV f Ltea000fs”
e o 18 ‘ . 4 O r =
g 3  aTev 1 £ 16:Rl_jn {s=14 TeV det:soofb‘ = 16 D5, m, - 50 GeV
T 3L | o I5E m. =50 Ge ] c =
g 10 E D5 mx=50 GeV 3 ‘» .14:_ DS, m, =50 GeV = % 14: T <) 9g, oy < 4T
S - ] - T< ‘:gSMgDM <4m ] 12 —
z T 12 — 5% systematic
] 10E- 5% systematic E 10 — 1% systematic ]
E —— 1% systematic ] 8 C _:
104 E 8 E - -
= ; 6 ;__ ______________________________________________________ 5¢ discovery 6 :__ _Sodiscovery N\ N _:
| A e e 30 evidence ] A acevidence o~ =
2 = 2 —
10-5 — e p=yes — — 0:' el b b len Lo b b Lo Lo L J 0:| b b b b b b b b b Py
0 500 1000 1500 2000 47421416 18 2 2224 2628 3 3.2 1712141618 2 22242628 3 3.2
E_rpiss [GeV] M. [TeV] M. [TeV]

= 50 discovery up to suppression scale M* of 2.2 (2.6) TeV for 300 (3000) fb-"
(assuming 1% systematic uncertainty)
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Summary of Exotics Prospects

= Sensitivity in multi-TeV range increases by ~20% with HL-LHC

CMS Projection Vs=14TeV arXiv:1307.7135

L s
(NN
E 5
a .. 50 discovery
A u=
O 3
c ¥ 300/fb
v @ 2
©° °
g c B 3000/fb
(T 0 - |
o S ~ &
& \e zA @ <<\ o"o 5% S
e‘o& @zQ% « :\,\V’b ,;\,\Vfb Ky ob"& &
,\/Q\@ /\9{\ R Q}~i-\/’ Q}.ib’ \S\(\og ,5\‘9‘ &Q'b
& & Q% &t N
& & 5 ~
& & RS &
& & \zbéz
’b&éb 'S“-&%
Q Q
ATLAS Z’>eeSSM gy 2> ttRS Dark matter M*
Projection 95% CL limit ~ 95% CL limit 50 discovery
Run 3 @ 14 TeV 6.5 TeV 4.3 TeV 2.2 TeV
(300 fb1)
HL-LHC @ 14 TeV 7.8 TeV 6.7 TeV 2.6 TeV
(3000 fb™")
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@ Model discrimination after discovery

= Ability to discriminate improves dramatically with HL-LHC

= Separation between spin-1 (Z’) or spin-2 (Gyi) interpretation and other
interpretations ranges from~2to 5o

= 2D likelihood with dilepton angular and rapidity distributions
or forward-backward asymmetry

v en 2
Z',,M=4TeVic _ CMS Preliminary _Simulation

» 5 T I m g 5
M - ] 0o #z'\w M.=4.TeVlc2 E
g) 4.5 Spin0.(gg fusion). o < 0.8E R T L S o 3
D - Il spin 0 (q fusion) ] 07E
- 4 — - Spin 6-(50% G = 50%-gg-fusion}i-—— S - - 0.6 o E
- " [l Spin 2 (gg fusion) ] S E
g 3.5l spii 2 (49 fugion) ] S I
= - I Spin 2 (50% &g - 50% gg fusion) 0.3E E
©  3f 0.2¢ ]
8 F CMS Simulation 0615 S
25 N T s S | =] 1 —  a— B
B b 2D likelihood P 1 E
2f 20,2 e E
n -0.3F 3

1.5F 04 .....
F S g
1F B -3
C 07E l i
C 3 e o . * E
05F 08E —2Dfikelihood3
- -0.9E E
0 - H H - _1 E =

Vs=13 TeV, Vs=14 TeV, Vs=14 TeV, Vs=13 TeV, Vs=14 TeV, Vs=14 TeV,
100 fb’ 300 b 3000 fb™! 100 fb! 300 fb! 3000 fb™!

Run2 Run3 HL-LHC Run2 Run3 HL-LHC
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SUSY

= Motivated by naturalness, dark matter, ... | Strong prod. of gluinos
q

w1 oo
; Vs = 14TeV 10"
104 Followed prescriptions in 1206.2892 [hep-ph] — pp—gz  Jiom
10 - Pp_)qq* _1010
_, 10 \ — et i
= —_— =G4 i
& 102 \ pp =X X _108 L:
g 10! <
g 100 —107 (:
3 10! 1 e
2 J10° &
S igz \\ dio+ &
104 - \\§\ T
105 . \\ —10°
6 - 10!
10 T R B RS R R R L)
0 500 1000 1500 2000 2500 3000 ~<_
Mass [GeV] i = 0
p i
EW pbrod. of v.*y.0 Strong prod. of stops q
P X1€ X2 .
p . -
Gluinos not necessarily
first to be discovered
(many different mass
b spectra possible)
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SUSY: Strong production of gluinos & squarks

= Largest cross section: ~1fbatM =2 TeV
= 0 lepton + 2-6 jets + E Miss

CMS PAS ETR-13-014 ATL-PHYS-PUB-2014-010

N g-q production, g — g %? (Herwig++), m_= 4.5 TeV
CMS SImU|atI0n, \s = 14 TeV ;- _I LA L L L L B L B B | v‘|‘.:-| T L ]
< 00— —— 8 2500 — ATLAS Simulation Preliminary %g = 10%
) pp —909,9—qdy%. 5o Discovery Reach . B Py ]
B 90| .| 300" Phase | <PUs=140 " B _[L dt=300,3000fb", (s=14TeV - .
£ 800| —L=3000 ", Phase 11 Conf3, <PU>=140 2000 - °"ep‘°2i:;“bi”?ff -
| 203fb7, (s =8TeV,95% CL .- —
E B | wmmmms 95% CL limit, 3000 fb™", (u) = 140 .-~ _
700 — | ammmms 95% CL limit, 300 b™!, (u) =60 .-~ _
E . - — 5 disc., 3000 b, <“>:14Q,~“ 7
600:— _: 1500 |— s 50 disc., 300 fb™, () =..€3,0" -
- _ @6_@5""“ N
] o o4 i
i 1000 — _|
E 500 |— -
:III|III|III|III|III|III“|III|IIIllllll_: 0 [T I A A L1 ]
600 800 10001200140016001800200022002400 500 1000 1500 2000 2500 3000 3500 4000
mg (GeV) m; [GeV]

Interpretation in context of simplified model

50 discovery Run 3 @ 14 TeV HL-LHC @ 14 TeV
Simplified model (300 fb) (3000 fb™1)

gluino mass [ATLAS] Up to 2.0 TeV Upto 2.4 TeV
gluino mass [CMS] Up to 1.8 TeV Up to 2.2 TeV
squark mass for m(gl) = 4.5 TeV [ATLAS] Upto 2.6 TeV Up to 3.1 TeV
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Strong production of top squarks

= Naturalness:

requires stop mass < ~1 TeV

= ATLAS: 0/1 lepton + 2 4 jets + =2 1 b-tag + E;™Miss
= CMS: 1 lepton + 2 6 jets + 2 1 b-tag + E;™'ss

[ D CMS PAS FTR-13-014
ATL-PHYS-PUB-2013-011 CMS Simulation Vs = 14 TeV
'_:I 000 - —— —— —— — . —— - —~~ m ™ 1 1 1 7 1 17 T ] LI — ]
% EATLAS éimulatio}v Prelim/]nary l ! ! 3 %J 1800 [~ Expected 50 Discovery =
o, 900 :_\ s=14 TeV =300 fb! (<u>=60) 56 discovery = g L oeeees Phasel, <PU>=0, L=300 fb™ ]
% 800E-" " ++300 fb” (<1>=60) 95% CL exclusion E o5 1600 ..... Phasel, <PU>=140, L=300 fb" .
800¢ S0 aizmta sodscovery © 3 t - — Phaso, <P, L3000
700E- @ATLAS 8 TeV (1-lepton): 95% CL obs. limit_ 1400 [~ — Phasell Conf3, <PU>=140, L=3000 fb -
= OATLAS 8 TeV (0-lepton): 95% CL obs. limit ~ r ]
600 ST e, E to_ X7 1200~ — e 0 ]
500F-0 and 1-lepton combined ot "3 -7 P99t e, ]
- P R 3 ~~ " 1000F m>>m@ A =
400 DO t X1 C ]
= %3 800 - ]
300F : - ]
200 i_ : _i t 600 ;— —;
100F- = 400 - =
: 1 1 I 1 1 1 1 1 1 : 1 1 1 I I: : : :
0 200 400 600 800 1000 1200 1400 200, 7
mStop [GeV] 0 _I 1 1 1 1 | 1 1 1 | 1 1 1 1 : |: | 1 1 1 |:
\. S 500 1000 1500 2000 2500
ms (GeV)

50 discovery

Run 3 @ 14 TeV
(300 fb-1)

HL-LHC @ 14 TeV

Simplified model (3000 fb-")

stop mass from direct production [ATLAS] Up to 1.0 TeV Up to 1.2 TeV

gluino mass with decay to stop [CMS] Up to 1.9 TeV Up to 2.2 TeV
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= Naturalness motivation
= ATLAS: 0 lepton + 2 b-tags + E;™'ss

= Use contransverse mass mg
ATL-PHYS-PUB-2014-010
Sbottom pair production, 51 —b 7(? \s=14TeV
= L B L L L ] %
(3 1200:_ ATLAS Simulation Preliminary _: g
T B B ATLAS 20.1 fb”, (s =8 TeV, 95% CL | 3
S iooOp-—-  memm 300 b exclusion 95% CL — %)
r 3000 fb exclusion 95% CL B [
B —— 300 fb™' 56 discovery i q>3
800 — —— 3000 fb' 56 discovery ] L
600 & .- ey -
4001 v .
2001 b .
P 1
1 | 1 Il :I I : 1 1 i
500 1000 1500 2000

Run
(300

50 discovery
Simplified model

’ b 4
b_- %
2 7? 2 )? 0 \j\‘ ~0
max_m()_m(l) b t’h
CT — ~ p
m(b)
b
Vs=14TeV  {(u)=60
1 ~ ~ T T T T T T T T T T
ATLAS Simulation Preliminary
10* JL=300 fo! Wmtsrtandard Model Total
103 W + jets
I Single Top
> I Z + jets
10 W Other . ) = (800,1) GeV
...... (m?, m%) = (1200,1) GeV
1O g, .. L. (m;,m;3)=(2ooo,1)eev
1
10"
102
10-3 IE 1 1 L 1 4 :
0 1000 1500 2000
mq; [GeV]

3@ 14 TeV
fb-1)

HL-LHC @ 14 TeV
(3000 fb-1)

Sbottom mass from direct production
[ATLAS]

Up to 1.1 TeV

Up to 1.3 TeV
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@ SUSY: Electroweak production of y,

= EW prod. lower by 2 orders of magnitude but can dominate
SUSY production if squarks and gluinos heavy

= WZ: 3 leptons + E,™iss

= WH: 3 leptons + E;™'ss [ATLAS]
1 lepton + E;™Miss + 2 b-tags [CMS]

ATL-PHYS-PUB-2014-010 CMS PAS SUS-14-012
s 1000 T T T T T T 1000 14 TeV, 300/3000 fb", PU = 50/140 i
[ - . . —_ 3 —~ L e e B B e e /)
S, ooof- ATLAS Simulation Pr e"}”’”afy = > CMS Phase I/ll Delphes Simulation
I E _  asasssis L dt = 3000 5", j1e140, 95% CL exclusion I o i imi ]
£ 800F- \s= 14 TeV ' | A 3 9, L 2012 Otjserved 95% CL Fxclusmn Preliminary |
E — | L dt = 3000 b, =140, So discovery 3 - - 800 e 3000 fb™ 95% CL Exclusion —
700 3-leptonchannel ., Ldt=300 ", u=60, 95% CL oxclusion  —] EIX - — 3000 fb" 56 Discovery 7
e 300" e oo 3 [ 300 fb™' 95% CL Exclusion
600F- % %, 2 W T, 2%, _— _['- k=000 "'6°'_5“"'* v 3 B 300 fb™' 5 Discovery _
= 8TeV. IL dt=203fb , 95% CL exclusion - 600— 0 0 o
- ally - = ot
S00E- M =My i e .~ E L XX, > WX, HY,
E el et s, E + i
O e o EO 4001 —
300F- I i i
E e et ‘s H 3 . Wt g, .
2005 e : 2 200 e . d
100 ’\ I S 1 14
9:..-.I....I.‘..I.. NTPFTINIT] AT TUT P O_.‘”T‘T'“‘-. N e N T RN
00 300 400 500 600 700 800 900 1000 1100 1200 200 200 600 800 \1800
m..=m_, [GeV] m.. = m, (Ge
LA % X,

Chargino mass 50 discovery Run 3 @ 14 TeV HL-LHC @ 14 TeV

Simplified model (300 fb-1) (3000 fb-1)

WZ (3l analysis) [ATLAS] Up to 560 GeV Up to 820 GeV
Assume
WZ (3l lysi CMS Up to 600 GeV Up to 900 GeV -
(3l analysis) | ] p to e p to e m(X1+) — m(XZO)
WH (3l analysis) [ATLAS] None Up to 650 GeV
WH (bb analysis) [CMS] 350-460 GeV Up to 950 GeV
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@ SUSY: Electroweak production of x,*x,°

= Importance of Phase Il detector upgrade cwmspas sus-14.012
= WH: 1 lepton + E;™ss + 2 b-tags [CMS]

14 TeV 300/3000 fb PU 50/1 40

% 1000: ~ CMS Phase Il DeIphesS|muIat|on: + 950 GeV discovery
S a00f 2 o oo e - reach with 3000 fb-",
£ | —— 1000 fb" Aged ] —
oo e j B and upgraded
AL WEHL :
oo 1 « 450 GeV discovery
ool 1 reach with 300 o,
s : u=50, existing detector

.4 I 1 1 1 | 1 1 1 | 1 1 1
200 400 600 800 1000
m. =m (Gevg
2

1

= Continued running with degraded detector increases the
physics reach only marginally for this SUSY signature
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@ SUSY: Simplified models summary

* Focus on production of a reduced set of sparticles
= Assume decoupled spectrum
= Decay BR generally assumed to be 100%

. Dlscovery pOtentIaI Increases — Summary of CMS SUSY Projections with SMS

—~ 0o/ 3 1 - - ]
by 20 / olIn te rms Of gll'"no! | Preliminary B 5o discovery: 14 Tev, 3000 " _
sauark and stop masses . . [ sodiscovery: 14 Tev, 300 o™ _

q p Xiky = WELK, | - [ ] 95% L limits: 8 Tev _

= More substantial gains for ... s -
++,0 EW production B i

X1 X2 P oG — %, [ B

= At least 50% increase in . |

mass reach oA L

- PR SR RN T SN TN TN W NN SR SO T W N! P T T T

DOUBLES in case 500 1000 1500 2000 2500

of WH final state Probe *up to* the quoted mass Mass scales [GeV]
ATLAS gluino ¥," mass ;" mass
projection mass WZ mode WH mode
Run 3 20TeV 26TeV 1.0TeV 1.1TeV 560 GeV None
300 b’ 50 discovery up
HL-LHC 24TeV 31TeV 12TeV 1.3TeV 820GeV 650 GeV to quoted mass
3000 fb-"
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@ SUSY: Full-spectrum models KEEEEE

= 3 pPMSSM models motivated by naturalness, different LSP
= NM1(2): bino-like x,° with low(high) slepton mass; NM3: higgsino-like ¥’

= 2 p(C)MSSM models, DM relic density, different coannihilation

= STC: stau + %,° coann. Exploring SUSY model space
—>
. 0
= STOC: Stop + X1 coann. 8 Analysis Luminosity Model
S (fb~1) [NMI [ NM2 [ NM3 | STC | STOC
. w all-hadronic (HT-MHT) search 300
- Explored. © 3000
. E all-hadronic (MT2) search 300
= 9 different < 3000
. o all-hadronic by search 300
eXperlmental n 3000
H = 1-lepton t; search 300
signatures £ o
. 2 monojet t; search 300
= 5 different types £ 3000
of S U SY m od e I S § my+¢- kinematic edge 330(:)00
o multilepton + b-tag search 300
20 3000
R multilepton search 300
2 3000
% ewkino WH search 300
M v 3000
<3¢ [BE5a[=57

Different types of SUSY models lead to different patterns of discoveries
in different final states after different amounts of data
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= All hadronic (0 lepton) MT2 analysis 3
= Targets natural SUSY with gluino pair s
production and 2 LSPs E

- use stransverse mass MT2

* Gluino decay through stop and sbottom
- large # b-jets and jets, E;™ss

SUSY: Full-spectrum models EEZEEETHE

14TeV 3000fb PU =140

180 CMS Phase ] Delphes Slmulatlon E
160 Preliminary —NMA _E
— NM2 ]
140 — NM3 =
120 ittt =
Bl V+jets 3
100 [ | vV =
[ Single top —
I Other SM ]
P PRI o B

0
200 300 400 500 600 700 800 900 100011001200

7

= Dilepton kinematic edge

= NM1: gluino decay with Xg — W — fﬁf(?
= Dilepton + 2 6 jets + 2 1 b-tag + E;™'ss

= Edge significance > 50 at HL-LHC
14 TeV, PU=140
14 TeV 3000 fb PU 140 8 \ T
> T 5 CMS Phase II Delphes Slmulatlon
@ b CMS Phase II Delphes Slmulatlon = & 6: Preliminary .
O C Preliminary Wy -0 X6 ] 5
f 60:— -x ST IT X, g L ]
P r [0 Other NM1 - £ 5 7
S  50fF i = S f ]
> E I V+jets ] w4 —
W 40F mw e :
£ [ Single top ] 3L ]
30F [ Other SM ] r
20; 2k ]
10F L ]
ot }
0 20 40 60 80 100 120 140 160 180 200 ol b Lo b Lo I Ly

500 1000 1500 2000 2500 3000
My, (GeV) Luminosity (fo™)
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N\ My, (GeV)

14 TeV PU 140
T 1T ‘ L T | T T ‘ ‘
| CMS Phase IIII Delphes Slmulatlon

-
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=N
o
L T

Expected significance
: (o)) B (o]

4
—NM1 ]
2 —NM2 ]
~NM3
11 1 1 ‘ 111 1 ‘ ] I | | 11 1 1 ‘ 111 1 ‘ 111
00 500 1000 1500 2000 2500 3000
Luminosity (fo™")
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= Direct stop pair in 1 lepton+jets

= Wide range of production processes

= Moderate 1.7 TeV gluino mass scale
allows sensitivity to 3 TeV squark

= Discovery only possible at HL-LHC for

STC and STOC models

7

= Compressed spectra

= If stop and ;" masses close, dominant
decay is stop 2 ¢y, in STOC

= use mono-jet signature

= Just below 50 at HL- LHC but

14 TeV PU 140

complementary to
HT-MHT analysis
in STOC

Expected significance
(4]
\

CMS Phase Il Delphes Simulation E

Preliminary

Covv v by oy
v "500 1000

PN ERR N BRR N B
1500 2000 2500 3000

Luminosity (fo™") )
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SUSY: Full-spectrum models EEZEEETHE

14 TeV, 3000 fb™", PU = 140

>
© 10°E CMS Phase Il Delphes Simulation
(O] E  Preliminary Model: NM1 stacked
o o —g8
] - — it
T~ 10°F —
~ E a9
C L — AW
g-) 10 L B V + jets
L E [ Single top
43
10"
0 1000 2000 3000 4000 5000
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14 TeV 3000 fb PU = 140
o 12 7
e I 'CMS Phase Il Delphes Simulation _
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5 T i
w - —
o 8 i
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5 L -
o] L |
% 6— /_
w -
/AR —STC
4 —sTOC
""""""""""""""""""""""""""""""" — NM1 T
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ATLAS Exotics Searches* - 95% CL Exclusion ATLAS rrelimi  ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: ICHEP 2014 f-C dt=(1.0-20.3) fb! \Vs=7,8 Status: ICHEP 2014 Vs=7,8TeV
’ miss .t T
miss _ s Model e Ty Jets EX [Ladm™) Mass limit Reference
Model Gy Jets ET™ [ram] Mass limit Referenci T ———ry : ———— . ————
K MSUGRA/CMSSM 0 26jets  Yes 203 |@E 17TV m@) 1405.7875
ADD Gk + 8/9 - 12 Yes 47 | Mp n=2 1210.4491 MSUGRA/CMSSM Tep 36jets  Yes 203 |[& 1.2 TeV any m(g) ATLAS-CONF-2013-062
AADD non-resonant {{ 2e,p - - 203 n=3HLZ ATLAS-CONF-201 - 1.1 TeV any m(g) 1308.1841
ADD QBH — (q 1ep 1j _ 203 n=6 1311.2006 0 2-6jets  Yes 203 |d 850 GeV m(/h) =0 GeV, m(1# gen. g}=m(2™ gen. §) 1405.7875
» A 2i - 0 26jets  Yes 203 |[& 1.33 TeV. m(X; =0 GeV 14057875
g ADD QBH. - i - 203 n=6 {0 be submitted to lep 3-6jets  Yes 203 |& 1.18 TeV m(¥})<200 GeV, m{F=)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
3 ADDBH high Ny 2u(8S) - - 203 n =6, Mp = 1.5 TeV, non-rot BH 1308.4075 2epu 0-3 jets - 20.3 z 1.12 TeV m{¥})-0GeV ATLAS-CONF-2013-089
§  ADDBHhigh ¥ pr 2lep 22 - 203 =6, Mp = 1.5 TeV, non-rot BH 1405425 2 g tanf<15 1208.4688
RS1 G 43 2e, - - . WMy — GMSB (7 NLSP) 1-27+0-1( O2jets  Yes 203 1.6TeV  tans>20 1407.0603
% RS1 GKK 2 WW = vty 2 o P K/Me =01 GGM (bino NLSP) 2y - Yes 203 1.28TeV miE}>50Gev ATLAS-CONF-2014-001
] Kk = WW = bty en - Yes 47 1.23TeV k/Mp = 0.1 GGM (wino NLSP) Teuty - Yes 48 mif})>50Gev ATLAS-CONF-2012-144
5 Bulk RS Gkk — ZZ = ((qq_ 2eu 21 - 203 k/Hp =10 GGM (higgsino-bino NLSP) ¥ 1b Yes 48 m(E})>220 GeV 12111167
B _, HH _ bbbb — 4b — 590-710 Gev [l K/Mpr =10 GM (higgsino NLSP) 2e.p(Z) O3jets  Yes 58 m(NLSP)>200 GeV ATLAS-CONF-2012-152
T3 RN BR=0925 0 monojet  Yes  10.5 m(G)>10+ eV ATLAS-CONF-2012-147
) ED en = = 0 3b Yes 201 |& 125 TeV. () <400 GeV 1407.0600
UED 2y 0 710jets  Yes 203 | 1.1 TeV. i) <350Gev 1308.1841
- 0-1ep 3b Yes 201 & 1.34 TeV (i) <400 GeV 1407.0600
@ % =y = = G 0-1e.pt 3b Yes 201 | 1.3TeV m(¥})<300GeV 1407.0600
S
S >t - - 0 b N Y | 100-620 GeV m(X 1)<90 GeV 1308.2631
s SSM W’ - tv Tep - Yes . < i TT— " 275-440 GeV =2 m(¥)) 1404.2500
S EGMW - WZ b0t 3eu _ Yes 203 % .% 1-2ep 1-2b  Yes 47 |& 110567.GeVI 55GeV 1208.4305, 1209.2102
D EGM W’ — WZ — qqlt 2e 2i/14 _ Y y S8 130-210 GeV 7 )-m(W)-50 GeV, m(f, )<<m(¥, ) 1403.4853
&) . T qq 1 aH 2; 01j 203 ATLAS-CONF-201 fas] 215-530 GeV' GeV 1403.4853
@G  LASMW— b en 201 Yes 143 ATLASCONF201 - 8 150-580 GeV. m(x,]<zou GeV, m{Fr)-m(¥)=5 GeV 1308.2631
LRSM W}, — tb Oep 21b1J - 203 10 be submitted o | @ ww 210-640 GeV mpm =0 GeV 1407.0583
28 260-640 GeV. miE)=0GeV 1406.1122
_  Clagaq - 2j - 48 12101718 | % S G 90-240 GeV/ m(iy)-m(F)<85GeV 1407.0608
Q  Clgqtt 2epu - - 203 N =-1 ATLAS-CONF-201 (natuva\ GMSE) 2e.p(2) . 150-580 GeV m(})>150 GeV 14035222
2eu(SS) 21b>1j Yes 143 ATLAS-CONF-201 +Z 3e.pu(2) Yes 203 290-600 GeV m(F})<200 GeV 14035222
" 2ep [ Yes 203 |7 90-325 GeV miX,]—D GeV 1403.5294
ato0%Clior m{y) <80GeV | ATLAS-CONF-201 2ep 0 ves 203 [ 140-265 GeV 505 it 14035294
9 operator at80% CL for m(y) < 100 GeV 1309.4017 27 - Yes 203 |4 , 100-350 GeV .5(m(FF wnpv. ) 1407.0350
— 700 GeV' S(m(E)+m(?)) 1402.7029
st - - il Tyt
g ScalarlQtgen 2e 22j 10 [EQmass p= 11124828 23ep o Yes 203 |50 I 420 GeV sleptons decoupled | 1403.5294, 1402.7029
3 ScalarLQ2" gen 2p 22j - 10 [LQmass p=1 12033172 1 H 25 Yoo 203 |t 285 GeV sleptons decoupled | ATLAS-CONF-2013-093
Scalar LQ 3¢ gen teptr 1b1j - 47 LQ mass B=1 1303.0526 v ey 1Y P— 7oy 620 GeV' ¥ ¥ 1405.5086
Vectorlike quark TT — He + X 1en  >2b,24] Yes 143 Tin (T8) doubet ATLAS-CONF201 B @ Direct¥i1 prod, long-lived ¥ Disapp.tk  Tjel  Yes 203 [F} 270 GeV. m(/?f)rma'/, )=160 MoV, 7(75)=0.2 ns ATLAS-CONF-2013-069
@ Vectorlik KTT > WhbiX 1 S1b>3] p ot =G Stable, stopped g R-hadron 0 1-5jets  Yes 279 |& 832 GeV m(F})=100 GeV, 10 us<r(7)<1000 5 1310.6584.
5‘6 fector-fike quar - Wb+ epu z1b=3j Yes 143 isospin singe ATLAS-CONF-201 DT GMSB, stablo 2@ fre g 120 N N 159 10<tang<50 ATLAS-CONF-2013-058
Q8 Vecorlkequark TT - Zt + X 223eu  2221b - 203 Tin (TB) doublet ATLAS-CONF-201 ' § & GMSB, ¥|—~C, long-lived ¥ 2y - Yes 47 Oa<riezns 13046310
L & vectorlkequark BB > Zb+ X 223ey >221b - 208 Bin (B.Y) doublet ATLAS-CONF-201 =1 3, V' —raqu (RPV) 1p,displ.vix - - 203 |4 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m(¥})=108 GeV/ | ATLAS-CONF-2013-092
Vector-like quark BB — Wt + X 2e,u(SS) 21b,>21j Yes 143 Bin (T,B) doublet ATLAS-CONF-201 LFV pp—¥: + X Fe—e +p 2ep - - 46 ', 3 1212.1272
- - — - LFV pp—ve + X, Frve(u) + Tepst - - 46 1212.1272
g Excited quark 4" — gy Ty R - only u”and d, A = m(q") 12093290 |5 gilnear RV GISSM 2e1(SS) 036 Yes 203 14042500
. Excited quark g* — qg - 2j - only u” and d*, A = m(q’) 10 be submitted to & FiRT, )(l Wi, 7). )(reev,. epv, 4ep - Yes 203 1405.5086
i g Excited quark b* — Wt tor2eu1b2jor1j Yes lefthanded coupling 1301.1583 TR X WL v ety SeptT - Yes 203 |E 450 GeV. mE)>0.2xm(Er), 413320 1405.5086
Excited lepton (* — (y 2eumly - - A=22TeV 1308.1364 2-q4q 0 67jets - 203 |& 916 GeV BR(1)-BR(5)-BR(c)=0% ATLAS-CONF-2013-091
goht fiobs 2e,u(SS)  03b  Yes 203 |& 850 GeV/ 1404.250
LSTCay — Wy Teumly ) tobe submitted tc - Scalar gluon pair, sgluon—qg 0 4jets - 46 | sgluon 100287 GeV incl. limit from 1110.2693 1210.4826
LRSM Majorana » 2ep m(Wg) = 2 TeV, no mixing 12035420 | ®  Scalar gluon pair, sgluon—ti 2e, ,4 (SS) 2h Yes 143 [ sgluon . 350-800 GeV ATLAS-CONF-2013-051
5  Typelll Seesaw 2ep 1V.[=0.085, V,}=0.063, |V;[=0 ATLAS-CONF-201| & WIMP interaction (D5, Dirac x) monojet  Yes  10.5 m(x)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
g Higgs triplet H** — (¢ 2e,4(SS) DY production, BR(H** - (()=1 12105070 Vi=8Tev o L L e L L T
Multi-charged particles - DY production, gl = 4¢ 13016272 - - full data 1 Mass scale [TeV]
Magnetic monopoles - DY production, |g| = 1gp 1207.6411
sl L PR | s PR | ' PR *Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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10 1 10 Mass scale [TeVv]
ICHEP 2014 LQ1(e) x2 stopped gluino (cloud)
LQ1(ej)+LQ1(v)) stopped stop (cloud) 0
LQ2() x2 oo K HSCP gluino (cloud) Long-Lived
LQ2(u)+LQ2(v) eproquarks HSCP stop (cloud) Parficles
LQ3(vb) x2 q=2/ge :ggs
LQ3(tb) x2 g=3e
LQ3(tt) x2 neutralino, ctau=25cm, ECAL time
LQ3(vt) x2
+MET, S| DM=100 GeV, A
ot ooy o~ +MET, SD DM=100 GeV, A
o Ton i) [SUSASOITL=AOS D : [ ; I T N AU Y Y v+MET S| DM=100 GeV /\
S Tawi'G sHe Temiepi) H et | i A NaArk NAAttar
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(P —————— . 0 1 y - ,
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CMS Preliminary
g p— | somz ‘
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§—- - — - = — — — — — — — — - - - - — - - — = o wrea [ SSlwy . ] QBH, nED=4, MD=4 TeV
T e S o . SSMWMWZ) [ NR BH, nED=4, MD=4 TeV
® . P S— o) Excited tops SSM W'(WZ—4j) Jet Extinction Scale
(R e Dark mater o String Scale (j)
gi ,; ;: 3“) res— N Displaced tops.
sj;:m;’: 0 02 04 06 08 1 12 14 0051152253354 455 Excited c it
ERL A Excluded Mass (TeV) Excluded Mass (TeV) * =, 1
e . VA Fermions dijets, A+ LURR omposiieness
e o dijets, A- LL/RR
> T i dimuons, A+ LLIM
3 L bt dimuons, A- LLIM
_::::: L dielectrons, A+ LLIM
T, oty dicooe A A
Toomevia coloron(jj) x2 " single e, AHnCM
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