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Why explore the TeV scale?

- Standard Model works beautifully

- currently no direct evidence of new physics at the LHC

Key questions remain unanswered
- What gives rise to the matter-antimatter asymmetry in the universe?
- What is dark matter made of? What is dark energy?

- Why is gravity so weak? =» hierarchy problem
- Small Higgs mass requires spectacular cancellations if SM is valid to Planck scale
- Strong motivation for new physics at the TeV scale (= new particles, interactions, dimensions)

The answers may lie at the TeV scale...

- HL-LHC will deliver 3/ab (x50 today’s data sample) @ 14 TeV

- Study the Higgs boson in detail
- BSM physics could manifest itself in deviations from SM predictions
- Measure rare SM processes
- BSM could have a large effect
- Search for new particles/phenomena at the TeV scale
- Could provide solution to the hierarchy problem (e.g. top quark partners)
- Can dark matter be produced at the LHC?

HE-LHC would double the collision energy to 27 TeV

- Higher mass reach for new physics — deeper exploration of TeV scale
Investigate properties of new particles which are observed along the way!
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H L_LHC plan upgrade of injector chain to new interaction region

deliver brighter bunches layout and crab cavity
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HE-LHC

- Center of mass energy: 27 TeV pp collision
- [~ 14 TeV x 16 T/8.33T]

- “This “Energy Doubler” option with high-field magnets constitutes an
adiabatic approach to pp-collisions at higher energy.”[1]

- Target luminosity 2 4 x HL-LHC
- Integrated Luminosity: >10 ab! over 20 years
- Pile up of up to ~800 at 25 ns bunch spacing
- (~400 at 12.5 ns or with luminosity leveling)
- excellent prospects for lepton-hadron & heavy-ion collisions

- HE-LHC main challenges
- Technical schedule defined by the magnet program

- Earliest technically possible start of physics: 2040
- This would require HL-LHC stop at LS5 (in 2034)

- [1] For details see presentations at the HL/HE-LHC kick-off workshop at CERN:
https://indico.cern.ch/event/647676/.




ATLAS & CMS

DETECTOR UPGRADES

To achieve the physics reach
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ATLAS and CMS Documents

- ATLAS letter of intent - CMS technical proposal
and scope document . and scope document

CM! CERN-LHCC-2015-19
CERN  European organization for Nu B LHCC-G-165
Organisation européenne pour Ia re 7 il 25 September 2015

CMS Phase Il Upgrade Scope Document
CMS Collaboration

Submitted to the CERN LI Res

Soptambor 2015
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Phase II Upgrade

Technical proposal

CERN-LHCC-2012-022 CERN-LHCC-2015-010
https://cds.cern.ch/record/1502664 https://cds.cern.ch/record/2020886
CERN-LHCC-2015-020 CERN-LHCC-2015-019
https://cds.cern.ch/record/2055248 https://cds.cern.ch/record/2055167

Technical Design reports for sub detector systems are being prepared & under review
I
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Swarms of Particles and High Radiation!

- High luminosity =» 200 soft pp interactions per crossing

- Increased combinatorial complexity, rate of fake tracks, spurious energy in calorimeters,
increased data volume to be read out in each event

- Detector elements and electronics are exposed to high radiation dose
- Requires new tracker, endcap calorimeters, forward muons, replacing readout systems
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Roughly reaching limits of current

- Goal of ATLAS and CMS detector upgrades techniques in several systems

- make HL-LHC events look like LHC events (~25 additional interactions)

- For precision measurements and observations of very rare processes, we need to at least
maintain current performance for all physics objects. Requires excellence in every corner

- associating particles with primary hard scatter collision with high efficiency
- Increased spatial granularity to resolve signals from individual particles
- Precise timing measurements to provide an additional dimension for discrimination
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Additional chambers and
n-coverage for muo

’ i

n 01 02 03 04 05 06 07 08 09
0° 843 786° 73.1° 67.7° 625° 575° 52.8° 48.4° 443°
- - - 7 7 * canaal 7oty

Ymproved barrel calorimeteli ' e
readout and triggergis ’

— 1}
[T ——

ional (thin) timing layers: 5 b
with 30=-50 ps precision and near 100% efficiency

T

A ) e

ME2/1

o
[FEETL

L ee—
Thernst screen €, 02 cooling pipes
f—u‘L T'!'FQTI—I—L%LVW Posiion

WrzzZ770077777777777777777777777777777777772 25077777 50777 e 7777777777777 7 A

— z = > B { AT I
g F . L ~ £ —
BX } - 12 2 (m)

// ==
i}
= § W
o
: o= 16
J 18
e 20
o _
o =8 22
S O N N SR SRR RN —24
: _26
= 400 O O S 1" 28
222 B N N S U L ; ; ; ’ —30
E=1TN W A 10
;F —\ £ 3] ! 500 1000 1500 2000 2500 z [mm)]
g Megneth : TR VI URTIEREL # T T e Y
= 3 Magnetic field 2 =
e % eu se0s ~ "ofr ==
: - — — “stuhb" ass fail
St JanEE P
= e (LTI PPOPRRERERD 1B
37.7 BH back T s , =d H'Iﬂll
5641 Back side of _Bock flange from 1P
d (I
New high granularity : i
" x < J00 gean

Level 1 track trigger and
extended n-coverage for

Fe=

g
=5

Narain, ICFA, Nov 2017




ATLAS upgrade

[Trigger and DAQ

-

~

Preliminary design

(c

LO (Calo+u): 1 MHz
L1 (Calo+u+ltk): 400 kHz

HLT: 10 kHz

(M

uon systems
New readout and trigger electronics

layer improves acceptance
Muon tagger for 2.7<|n|<4.0
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- Additional chambers for inner barre| [t

cover
Off detector

alorimeters
New readout electronics
compatible with LO 1 MHz rate
High granularity timing detector
(under discussion)

4x Si layers
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AII-siIicoﬁ tracking detector
5 pixel+4 strip layers to |n|<4




Display of @ VBE. H = 17 in 200 p-p collisions

PHYSICS REACH
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THE HIGGS SECTOR

A major component of HL-LHC physics program.
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HL-LHC as a Higgs Factory

- At HL-LHC, we expect to produce ~170M Higgs Bosons including ~120k of pair
produced events

- Over 1Million for each of the main production mechanisms, spread over many
decay modes
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- Enables a broad program:
- Precision O(1-10%) measurements of coupling across broad kinematics
- can reveal new particles in loops or non-fundamental nature of Higgs
- Exploration of Higgs potential (hh production)
- Sensitivity to rare decays involving new physics
- BSM Higgs searches (extra scalars, BSM Higgs resonances, exotic decays...)
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Higgs Coupling

- Coupling measurements:

Example gg2>h->WW: 0B «

Rate of a given process depends on several couplings

2..2

2

Ku
- The k’s multiply the SM couplings. k, is a function of k; and k.

- ky multiplies the Higgs width and depends on all couplings

Currently k’s are typically measured to ~20%.
Expected deviations from SM predictions by various models

(Singlet mixing, 2HDM, Decoupling MSSM, Composite, Top
Partner..) predicted to be between 1-10%.

- Comprehensive study of Higgs couplings at the HL-LHC

CMS Projection
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Expected uncertainties on 3000 " at f5 = 14 TeV Scenario 1
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factor 2-3!

Reduced theoretical uncertainties
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Higgs Production & Couplings (h —ZZ2)

Differential Cross Section p+(h) Anomalous couplings

- probes perturbative QCD calculations AH — ZZ) = v (alm?ze;eg + ag ) O g gy f20D f*(Q%W)
- information on (new) particles contribution = = s
: SM tree processes  loop CP-even oce
to the gluon fusion loop contributions  contributions

(BSM)

- Sensitive to k,/x. (low p;) k,/BSM (high p+)
ne n "' . HZz 4l reconstruct the full angular

@high p; dominated by stat. unc =4-9% decay structure ;, _ et ¢a =tan~"(a/a)
For 300 fb! stat. uncertainty: 10-29%!

- Expect to constrain f < ~1%
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BSM Processes
-MSSM ® =2 11

- One of the most sensitive channels to constrain extended Higgs sectors

- MSSM parameter space can be constrained to a heavy Higgs boson with

masses up to 2 TeV.

What about the low tanf3 vs M, region?
CMS-PAS-HIG-16-006

CMS Preliminary Simulation MSSM ¢—>tt Consigler tau-phobic signatures

95% CL E:
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Higgs Pair Production and Self Coupling

- Shape of the Higgs potential postulated but not taken from first principles.
Indirectly constrained within SM assuming quartic shape.

Higgs potential after spontaneous symmetry breaking
V =—mZh? + Avh3 + % h*

V(¢)

1 =
with mj = 2Av? and v? 7 N e B
% = 27 ~ 0.4%. (indirect constraint) s ¢

Re(¢)

Thus in the SM, the Higgs potential is completely determined by m;,, and G
Direct constraint possible with Higgs pair production

10 | SM e

- NLO

-~ NNLO

6(pp—HH) [pb]

107

102}
1

-5 0
Vs=14 TeV
> 0y, = 39.5fb @14 TeV Ky = A/ Asu

- Models with extended Higgs sector modlfy o by typically 20%
- Higgs resonances can also modify the Higgs pair production rate

+
- Destructive interference = g, = UT GB

~

e Naraln ICFA, Nov 2017




Higgs Pair Production at HL-LHC

Expected number of events Promlsmg flnal states
, HH — bbyy HH — bbtt
bb ~1 20k eventS . S SMS Preliminary Simulation :1000::::.:4 TeV, PU=20(12 §1 7 J_Ld: . m-'[l‘ o x HH .‘I .Z(_m)’leu
- In 3000/fb § 5 mo-as0cev e - i -
$ asof High purity category e Norwosonantbacrond. ] ‘§‘° fo-14Tev O "“*;msls‘i’m“'::ﬁog::'mim
§ " CMS-TDR-17-003 ——— Single Higgs ] wq0°

——— SM HH Signal

g
2o

<PU>=140

Mmpyp (GBV)

Expected significance
95% CL intervals

HH physics is a benchmark channel for HL-LHC program

* Run Il results are reaching 15 times SM, with loose
constraint on k; between -9 and 15.

« EXxp. significance per experiment =1-2 ¢ (HL-LHC)

. : HHS 1.05¢0 143 ¢
» The possibility of “evidence” of HH can be reached bbyy 0.8 <Ky < 7.7

combining all channels in CMS and ATLAS.

06c 0.39¢
HH->bbtr 4.0 < K, < 12
* Improvement foreseen driven by : 0.39
mizati - - HH->bbbb e e
« Detector optimization, analysis algorithms —35<kK; <11
« Theory : Impact of NLO correction on differential
distributions ? HH->bbVV 0.45¢
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WG1,summary, HE/HL-LHC workshop, Nov 2017

Higgs pair production at HE-LHC

Expected number of events

- HH cross sectlon @ 27 TeV =128 tb (x11%) @27 TeVand10/ab

al '14; see also Contino et al (eds) 16 FCC YR

104 bb 440k
HH productlon at pp colliders at NLO in QCD
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- Projections for A from hh production: 8x;. (k;= A/ Agy)

HL: hincl, hhiincl [0, 2.5] U [4.9, 7.4] [-0.8, 8.5]
HL: h incl, hh diff [-1.1,1.3] [-1.7, 6.5]

HE: hincl, hhincl [-0.3,0.3]U[5.0,6.0] [-0.5, 0.7] U [4.5, 6.7] o _
Work is just starting

HL + HE [-0.3, 0.3] [-0.5, 0.6] U [4.8, 6.0]
FCC 100 TeV 30/ab -
hincl. hh diff [-0.03, 0.03] [-0.06, 0.06]
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EXPLORING THE TEV

SCALE

LHC is a discovery machine.

BSM searches at HL-LHC not a linear extrapolation from present —widen the scope, e.g.:
Rare processes, weaker couplings
More model-independent not to miss anything

How to prepare for physics?
Continue benchmark analyses . Develop new analysis strategies

‘2 Narain, ICFA, Nov 2017




Search for New Particles: bump hunting

- Plethora of new physics models predicting Discovery reach for excited quarks g*
resonances decaying to 2 jets: quantum black §105 LA A A DAL A A A A
holes, excited quarks, Z’'/W’ bosons, W* bosons = 10° S $§§-‘1’°‘e“ fmit, 0167

3 -1
- Look for: o 0F e
- 10 I Boventiim Now 6 TeV
¢ bumps In mjj 10 N s 68% and 95% bands
- deviations from flat distribution in x=exp|y-Y,| 1 '
. . —1

- Powerful search technique for new physics, model- 19
independent as long as a sharp resonance. 12_3

- Greatly profit from increase in energy (HE-LHC) 10
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Collider Production
-
Indirect Detection

£ O 43
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DARK MATTER: e amiator

Next discovery?

Guess: DM is a thermal relic of the early universe
- Weak-scale interactions with the SM
- LHC searches complement direct detection experiments.

Complication: translation between annihilaton and
experimental cross section very model dependent.

In recent years significant theoretical and experimental
developments, e.g. EFT->simplified models.
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Dark Matter Searches: /. iet. lepton, h

- Searches based on Simplified Models " ™
- Dirac WIMP mediators . EET or
- scalar, pseudoscalar, vector/axial-vector ] simplified model
- With distinct kinematic distributions ¥ —’—’\\/\\
- Aids in design of generic searches NI

- Missing ET+ X (jets, g, Z, leptons, dileptons, ..)

- Search for Dark Matter in Missing E;+jets
- Suppressed in direct detection.
- LHC provides complementary sensitivity.
- Benchmark among many DM collider searches.
- Interpretation in simplified models with 4 M Protminary Siton. 000" (14700
parameters (Mpeq, Mpm, Isms Jom)

......................................

%
o

Pseudoscalar, gm=1. g.," 1

nominal: EXO-16-037 extrapolated to HL-LHC

nominal/2
. EXO-16-037 luminosity scaled

Mpu (GeV)

- Axial vector mediator :
- Exclusion possible up to 3 TeV. (current reach ~2TeV) =

- Pseudoscalar Mediator: 0
- Spin-0 mediator, pseudoscalar gSM =1, gDM =1 200
- Exclusion possible up to 900 GeV (current ~0.4 TeV)
- Reach in mediator mass influenced by systematics.

100
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HE-LHC: WIMP search using Missing ET+jets

- Significant gains with the HE-LHC:

- Models tested (circa 2013) — somewhere collider exclusion dominates, others where
direct detection dominates.

- Sensitivity to WIMP pair production via effective operators and light mediators
arXiv:1307.5327

Spin independent Spin dependent
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L ONG-LIVED PARTICLES (LLP)

and Special Signatures

09/16/16 | By Sarah Charley

Th th f
e secre Ives o A theoretical species of particle might answer nearly
I I ] - every question about our cosmos—if scientists can find
ong-lived particles
it.

=
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Long Lived Particles (LLP)

Target complementary lifetimes and ranges.

displaced

----- neutral HSCP dilepton W BSM
— charged M lepton Variety of dedicated techniques to cover
——— ANy charge Bl quark " .
B photon whole range of lifetimes (cr)
W anything S lonadi ) _ )
ong-lived particle searches, lifetime exclusions at 95% CL
. - - RPV SUSY,T— bl, m(i) =420 GeV'
disappearing displaced 8701, 1971 (epces e I
track lepton e XK (10%), X e, (H) = 125 GeV, mX) =20 GeV
ares 060 e |
( ........ . . A H— XX (10%), X — uu, m(H) = 125 GeV, m(X) =20 GeV
, R o030 wnciens | T
Ry 1/ o A G"‘Sfof,'}':;;?;;;G?,;f;’,‘", [ ] The LL program is sensitive to a
; o L] 1 ! | B 5758 2 &y, ) - 250G wide variety of lifetimes, from well
ity PR 'y L IR BTN TSR e proen i) - before the first active layer to well
A N 2% - LY ¥, & Y e ! m@ = eV, m(z,) = i€\ H
ATV NN R W, A 2 "L RV SUBY. 0 00 ok ) - S0 et [ | after the last active layer of CMS
A i S NAY
\ A - APV SUSY, m(@) = 1000 GeV, m(z’) = 500 GeV
\ i . Y, 8TeV,185m" (d;maum) .
) / K ' ' . AMSBT, 7 — 7+ =, m(E) =200 GeV
dlSplaced X . ) Y dISp|aced 8TeV, 195" (disappearing tracks) _
dljet -4 | ] A~ photon cloud model R-hadron, m(@ = 1000 GeV'
=t s |
: ) AMSBZ:.W!(D)=5,|A>U. m(i:]:mOGeV
- 8TeV, 188" (tracker + TOF)
- . AMSB %, tan(p) =5, u >0, m(% l 200 GeV
s Not plctured. W; TeV, 188" (vacker + TOP) N ! n I L
displaced displaced out of time decays /d 0 P [1?‘2
R b t crim
0 . vertex conversion outer radius: ~comoPO cms
ﬂ’:.‘;‘:’;:‘.z" J. Antonelli  LLP Forum May 12, 2016 3 beampipe calo

pixels tracker

Particles decaying non-promptly are a new focus at the LHC, for present and future
Long-lived neutral particle (X) decays after some ct to displaced leptons or jets.

- Signature driven searches, with great discovery potential, Issues and opportunities
with LLP signatures:
Need dedicated tools for non-standard objects, custom trigger/reconstruction/simulation
Potential gains from high luminosity, track-trigger, fast timing, better directionality.
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Heavy Stable Charged Particles

14 TeV, 200 PU

End of phase-l

- HSCPs: New, heavy particles could propagate through &' cmssrase2 smuaon reiminay
. £ L _
the detector before decaying E1,0] I S p,~ 5000 v - 22
. @ | [ Gluino, M= 1400 Gev
- Needs HL-LHC for sensitivity because of small xsec. Sosl
: : o[-
- Detection technique ® s
- Could look like heavy, highly-ionizing, slow-moving muons i
. .. . ) 0.4
- dE/dx discriminator shows large separation between signal i
and background 0.2
- Physics studied demonstrated the need to keep dE/dx Pl B
g . ' 2 2 X
capability in the tracker 0 107 20 G
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- ——e— TkPhaset ((300 )fb"), dE/dx+TOF 1 208 —SenSItIVIty to HS S = o 10§—CMS Phase-2 Simulation Preliminary
10"e\  Without dE/dx no 23 / Stau, 1.6 TeV gi;‘,ﬁfg'sps}ﬁf;{ fEéf:g'sfr‘;zfﬁss
- \ - - - _}: Pair-produced T, M = 871 GeV
-4\ improvement in phase-2{ Z 5L _ 1 Guino M= 1400Gev
E AN c =
- & ‘ / :
3 0.4F [( S
L

i I III]LlJ.| 1 IIIIILI.| | IIIIIII| | IIIIIII|

Pair-produced T, 1599 GeV 1072k
| dE/dX+HIP flag (0 PU) E
0.2 ——— dE/dX-only (0 PU) -
—— dE/dX+HIP flag (200 PU) -
- dE/dX-only (200 PU) jotl e b e
0 2 4 6 8 10 12

0.
M;scs)?geV/é) 10° 10° 10* 10° 102 10" 1
Background track efficiency

I‘ 1 IIIIIII| 1 I\IIIIIl 1 II\IIIIl 1 IIIIIIII 1 IIIIIII| L ren

Number of HIP clusters per track

Narain, ICFA, Nov 2017

[ [im]
el



Long-Lived Neutralinos

- Long-lived neutralinos in GMSB with small mass difference o
~ ~ Z ~0
M(x*) = M(Xg) =400 GeV, R \‘;-:’:rﬁ 0 e A ql/

M(x)) =390 GeV .
Vit
"~

- Use MIP timing detector for precision measurement time of flight
- assign times to vertices and charged particles
- With the timing information, can reconstruct LLP time-of-flight and mass

Reconstructed Eﬂ

Select events with a displaced secondary vertex
with 3o significance in both space and time:

E =AM = M(x3) — M(x})
Assume 30 ps timing resolution of MTD

Simulation Preliminary ~ AM = 10, M(¢9) = 400
Simulation Peliminary — ~o -+ 4 =0k 0 Simulation Prefminary ~0 ~t b0 =0
T T T T | + * - + + * - +
—ct=10.0cm —_ XX 22 )Y, Wy, - X, X, 2Z (ee)XlWIXl
——ct=30cm o litevgs vy mm_
ce-10em 5 RO S e I A
T = 1.l -3 ARAL yey T —— = '"vvv AAAA‘
—ct=03cm Q Yvy Aad, Y00y Fxx X ' e o
400 [} Vy' N ‘e * ey < vy AAA ot
2 " iy K W 102 i at et
v \/ 'A . o) RS A A A e
-1 Y. ) . S A T e

» 10 i = o A LA A X P

g & 2 vy LA " Ciad o rx

o v Ax ¢ 2 Ak AY ot - Solel

> v AL . 2] N ! A

A + *
2 v" AAA ' 2 : *? o S 1
200 f S 102 * ct=10.0cm 2 FRL o * ¢1=10.0 cm
Fo _ . ' -
Ee+e— [GeV] 8 Fizn ¢ ot 3.0cm Yy i ¢ “,‘n" s+ c1=3.0cm

3 [ act=10cm vy bt X © 10 LRRx A ct=10cm:

) i ver=03cm YV ¥%vyy vl — irx v ct1=03 cm ]

w _3 : ] : . oo o

10
0 0? 10 0

! 1 1 1
% 5 10 15 20 MTD resolution o, [ps] MTD resolution ©, [ps]
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WHAT PART OF

DO YOU NOT
UNDERSTAND?

S TANDARD MODEL

MEASUREMENTS

SM processes e.g. production of y, W, Z, or top quarks + jets
always appear as irreducible or reducible background

Have their own intrinsic interest, e.g.
tests of the unitarity-cancellation mechanism in the SM; top-quark mass

SM measurement can also be a portal to new physics:

=
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Precision Physics: Top Quark Mass

- theoretical uncertainty due to the conversion to the

MSbar mass 0.25 GeV? 80.4

- Large data samples allow exploration of § oo and 96% €L contours | i m'ilofllbil,;g'm;v' A
complementary approaches } 80.5 — N ::zjgw:";’a"h‘fa;‘;’::j;‘:m e, G A
- top mass unc: ~0.5GeV — ~ 0.17 GeV s0.as - e, and m, mssuremeris | -

- Higgs mass unc 0.25 GeV — 0.10 GeV ?(guess) . Fws v —

- W mass unc 0.013 GeV — ? unclear for HL-LHC |~ N

> b cms|  : :

O 3¢ ‘ Preliminary Projection— ~ **** 1 .= , w | g

E# E_ -iimi J/¥, arXivi1608.03560 _E o 10 160 10 180 119‘2\;

— 2'5; mrm— o (tf), JHEPOS (2016) 029 T _ _ m, [GeV]

St R sec. vtx, PRD 93(2016)2006 From tt cross-section

-E’ - 8 m---- single t, PAS-TOP-15-001 - - Limited by theory uncertainty and

— L, ‘; I+jets, PRD 93(2016)2004 ] |uminosity measurement

8 151 M mmae, . ]

Q oo R ] J/y and secondary vertex

c F VR E - Statistically dominated

T 0.5F e ssid 4)_— Gingle top

O — :

= of +<+— Standard tt>{+jets measurement
Run I 0.3/ab,14 TeV  3/ab, 14 TeV - Expect Amy, /m,, ~ 0.17 GeV

~Q>
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Precision Physics: Top Quark Mass

[Andreassen, Frost, Schwartz '17]

Fate of the vacuum : z

(GeV)

pole

128

- Need better precision for top mass to resolve the vacuum stab|I|ty
- HL-LHC top mass uncertainty ~0.5 GeV — ~ 0.17 GeV
- theoretical uncertainty due to the conversion to the MSbar mass 0.25 GeV

- Currently PDG quotes 3 masses for the top quark:

- Direct measurements 173.1+0.6 GeV
- From cross section 16013 GeV
- Pole mass from cross section 173.5+1.1 GeV

- With increasing precision interpretation is the big issue!!!
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Summary

- The HL-LHC program is a high-value flagship program of the HEP scientific
community.

- HL-LHC will reach unprecedented running conditions, very challenging for the
detectors but offering exciting physics perspectives

- Main challenge is mitigation of large number of pileup interactions

- Trigger — more bandwidth, new capabilities
- Increased detector granularity and acceptance in n
- Timing measurements will add an additional dimension to pileup rejection

- Baselines for the upgraded detectors have been defined

- Compelling program of precision measurements in Higgs sector, testing
further the SM and constraining BSM

- Continued exploration of the TeV scale via heavy new particle searches

- Various Physics prospects are under study with simulations that are
continuously optimized.

- HE-LHC — needed for discoveries; increased sensitivity to larger masses

- Work on compiling the physics prospects is beginning (in the context of European
Strategy document)

- We look forward to an exciting physics program at LHC for the next 20+ years
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Higgs Cross Section Projections

Fiducial Cross Section (h—vyy) Differential pr(h) Cross Section
. Statistically limited (h—727) - N
. Independent of theoretical uncertainty - More detailed comparison with SM predictions

- Sensitive to kb/kc (low pT) kt/BSM (high)
- Further improvement expected in mass - At high pT, dominated by statistical uncertainty

resolution and uncertainty from timing even @ 3000 fb-1
O(30 ps) for photons & charged particles

CMS Projection 3000 fb' (13 TeV)
CMS PrOjeCﬁOn 13TeV ;I F T 1 T 1T | T 1 1 | 1T 1 1 | 1T 1 1 | 1 1 T 4
L LI I L B [ 15_ t Toy Data (stat.®sys. unc.) E
F m——— Systematic uncertainty (ECFA16 S1+)
- H_)YY _| (\D Systematic uncertainty (ECFA16 S2+)
fiducial volume : Q2 101k Y444 gg-H (POWHEGHHUGen) + XH — _ |
i p$en (71 [2)) > %( %) mw —— ECFA16 S1(+) | : [777] XH = VBF + VH + ttH % 3
™" (v, )l <25 T g
| Isolh, (y, ) <10Gev T EoFAIes | o 10°F E -
n F s B
< 5]
| 500" | = 107 | S
G;%OO fb) : | _8 f
- + 0.05 (stat.) = 0.09 (exp.) — i :
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Dark Matter Searches:

Higgs Portal to Dark Matter:
Recast from

ATL-PHYS-PUB-2014-017

. . § 107 \llue  ATLAS Simulation
- Searches for Higgs coupling measurements Z04f Preliminary
- Direct search in Higgs decays to invisible (ZH—ll+invisible) 1043; .................... "."r-,..", """""""""" ]
- Fit parameters: g, «,, kz, , BRj,, LNy i :
: 1097 -
- BRinv<0.13(0.09 w/o the. unc.) oF e 14T, Jite 3008”7
* Run2: BRinv< 67% (39%) obs.(exp) 10 C Tz-:ﬂzz':tbhzwxﬂww' .
) 105" Bt e
- Excellent sensitivity for low-mass DM particles el ERGEEO S sy -
55—_ = ﬁ%ﬁ%ﬁéﬂ%"(ﬂfé’u e-,-,é-Majoi:ana WIMP
07 T oNeny, Ve
. . . T v TN B
- WIMP Dark Matter in Effective Field Theory 1 10 o
m, [Ge
- mediator mass, M,,.4,iS much heavier that the typical scale
of the interaction Qtr' % 20E " ATLAS ‘Simu:ation‘PreIir‘ninar; E
i £ 181 s=14Te = =
- In EFT, the suppression scale M*= M./ Y(9sm9om ) 8 160 ;“”_ZOGIV“" R
- 50 discovery reach: 1.8 (2.6) TeV for 5%(1%) uncertainty @ :‘2‘ <O o <47 E
- Reach very sensitive to the uncertainties na eomemaie
- Outstanding issues: o E
- Understand impact of EWK corrections. S G NG E
- Reach 1% uncertainties. 2 o E
, _ o Ol o b o e o
- Understand correlations between theoretical uncertainties. 112141618 2 2224 28 28, 2w’

ATLAS-COM-PHYS-2014-549
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SUPER-SYMMETRY

Focus for HL LHC:

Study properties, if new
particle(s) discovered

Turn to processes with low cross

sections and compressed mass
spectra (e.g. EWK SUSY, 3rd
generation squarks..)

Special signatures

%g Narain, ICFA, Nov 2017




SUSY Particle reach at HL-LHC

- Two strategies employed to cover the vast phase space:
- Projections of individual analyses for simplified models
Interplay of several analyses for full models

If there is SUSY, it will be seen across multiple signatures
- A broad program ensures 2-30 evidence in several places can be as interesting as 50 in one analysis!

- HL-LHC Can extend reach to higher masses: gain several hundred GeV in squark and
gluino masses and even more for charginos and neutralinos ATLAS-PHYS-PUB-2014-010

= Sumn;ary of CMé SusY Pro;ections wit‘h SMS = b Liomaail Ind LT . - G poducton q—uu Vg, = 45 Tov '
: B 5. ciscovery: 14 Tev, 000 5" : é; zsoo»— IA::.A; mf«mulaﬁonfrellm nary 4 é;; zsoo— erAs S:mulanon p,.,,.m na,y 5 _1 )
7 - ey, [ EZZLL..M." - b e smof- :z;;éj
vy [N CMS PAS-SUS-12/012 e T s "
5~y ] S I oo - ol
& - et ] D e b g ol
Probe *up to* th:(:)uoted ma:;00 1500MaSS Sf:oaofes [Ge\z}s]00 ' 0
- Continue to study challenging scenarios: o E . S ——
107" PRIt ™
- Third generation squarks: (i ,m.g)=m, O Ets e é
- Direct stop Pair Production with Compressed Mass Spectra B oo 22
- Scenario with low stop-neutralino mass difference WE 4o Discovery reach
Project sensitivity of 2-lepton channel (needs luminosity) 10° | §OOGeV@3/ab
- key to study stop properties (e.g. spin). 0%k 5o
- Signature: 2 leptons + 2 b-jets + MET t e
. P . : . 10 K t{, production
i i X0 10° m; - mio =173 GeV
- »E_ATLAS Preliminary Simulaton ... Expected,
" © E fe=14TeV, L-3000#6",p=200 .. Eioced,vih 00

1 1 |
400 500 600 700 800 900[G1 ]00

~ ~0
. z X1
v t
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SUSY Particle reach at HL-LHC

;‘ _""I"."I."".I'."'I """" rrrTT
- Direct Production of stau Pairs , : 8 gl TS STumen oY .
- B = _ O \s= ev,L= , <U>= ]
° Assume 1 00% BR tO SM taU and LSP. 1—” X(l) Elx C — 0y,,=30%, 5 ¢ discovery a1
. 400 01y =30%, 95% excl h
7 =~ ‘2(1) o Gyg=50%, 5 G discovery ]
P tq Lo Oy =50%, 95% ed . 4
[ — 0,,720%, 50 discove Py N, .
T 300 :_ """ 0,,::20%, 95% excl ! "‘ T h i

Signature: 2 tau Jets (hadronically decaying tau) and
large MET (from ¥ )

- Discovery reach ; 430-520 GeV @ 3/ab (depending on bkg)

- Electroweak SUSY:

- Compressed EWK-inos
- Require ISR jet, and focus on soft lepton from off-shell Z decay
- Bin in Missing ET and opposite-sign dilepton mass

Wino cross section Run 2 Higgsino cross section (HL-LHC projection)

CMS Preliminary  33.23591" (13 TeV) ; 40
R Ty — 1 5 L. Shchutska, Moriond EW 2017
O, 45 EObse’rvedius,‘ ’ I % = 35 20 . 00
?"_ z::Expected 10, S éox— higgsino-like cross sections %, + X%,
?sN 40 porime J § 30
?5 j 510 @ . o
£ i1 8§ £ 25
: i : 4
3 E
] = 20
i3 8 < 3000 fb™!
5 3 15
= -
° 3 S}
3 32
™ “ 3 10
Lo 100120140 160 180 200 220 240 ze0 'O ERENEN L A P B B
Eh“' my g [GeV] 120 140 160 180 200 220 240 260 280 300 320
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SUSY Particle reach at HE-LHC

- LHC at 14 TeV and HE-LHC at 33 TeV expand the reach for SUSY particles to
much higher masses.As expected, the gain of HL-LHC is modest in this case.

i | |
EWKino '
|
Stops/sbottoms ~| ] . WHE-LHC33
- ®HL-LHC14
Squarks/gluinos * LHC14

0 1 9 e A
3 4 5
. 6
- A scenario for HE-LHC: WREGFoadt: TV

- models with light Higgsinos, can still achieve naturalness without requiring
Winos with mass < 1 TeV

- In all cases they have gluinos with mass < 6 TeV
- Out of reach for HL-LHC (~2.5 TeV), but perfect for a 33 TeV HE-LHC

50

T
" PP—>3G—>qa, 9%,
| 95% CL exclusion
e | —— 100 TeV, 3000 fb”
st 10~ — 33 TeV, 3000 fb’
30 X .| | —— 14 TeV, 3000 fb”
| —— 14 TeV, 300 fb"

N = by . "
e vn - 1
e 2
X r]n ™ - _
BTN e = _
. ° i i
2000 3000 4000 5000 6000 — —L 1. .

gy mg (GeV) — 7 4 ° rrev115
= p.Narain, ICFA, Nov 2017
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FCNC in top decays

- BR (t — Wb) ~100% in SM

- Flavor changing neutral current(FCNC) decay is highly suppressed \ 5 ::
- BR (t — Zq) ~ 104 (SM) 9
- BR (t — cH) ~ 3x10-'7 (SM) b
- BSM models may give rise to FCNC at the level of BR<10 g __&M/’ &8
- Any measurable BR is a compelling indication for new physics . 20" :’

- Higher luminosity will definitely help to reach BSM scenarios

SM  2HDM  MSSM
- Search in single top production and top-pair decays

BF(t— =19:2 Mo0="—104 {0 7—10"
- cyy, multileptons, 2 or 3 b-jets with 3, 4, 5, or 26 jets e 5

BF(t— cZ) 1- 1074 10°-10"°% 107-10"°

- Projected sensitivity B 5107 1079107 1079-10"°

- ATLAS: BF(t— cH) 3- 107 1075-103 1079-1075

- t— Zulc: ~2.4-5.8 x 10 (FCNC modelling) 30250 ATLAS Simulation 1
- Run 1: 5x 10 4 —Sensitivity increase by factor 2t0 6 = [ iatev |

- t — Hu/c: ~ 0.55-1.2 x 10+ (flavor of q) 8 %% I
- Run 1: 45x10* — Sensitivity increase by factor >20  £,.4f S

- CMS: g I

- t—cy:~4.6x105 (Run1: 1.7x103) >T ;

c t—ouy: ~3.4x104 (Run 1:1.3 X10'4) 0.05; ]
- Sensitivity increase by factor 3 to 10 .

ol = i
0 50 100 150 200 250 300 350
Mg, after kinematic fit [GeV] 7.




FakeRate

Detector performance

- Maintain performance close to Run 2

10

10"

10°

10°°

14 TeV, PU = 140
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|
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Light-jet
rejection
better with

the upgraded
detectors
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b-jet efficiency

Effidency for pile-up ets
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Efficiency for hard-scatter jets

Extended
trackerto |n|<4
Achieve good
pile-up jet and
fake tau
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