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The LHC Run 2 pp dataset

The LHC pp operations for Run 2 are completed, delivering a dataset of close to 160 fb™' to
ATLAS and CMS, splendid achievement!
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Disclaimer: Very similar plot for CMS

Record year in 2018! More than 60 fb™
collected by experiments

Splendid performance at the expense of large Pile Up
(average approximately 40 in 2018)
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However splendid and impressive achievement this is, to get to
3000 fb™' would require 50 full years of running the LHC!

... also imply a Pile Up of 140 - 200 !



The Road to HL-LHC
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LINAC 4: Extremely important milestone on the road towards higher
luminosities (90 meters machine).

« Crabbing protons » also one additional major step towards the High
Luminosity, successfully tested at SPS.

Ni3Sn ~100 magnet elements (dipoles and quadrupoles) with fields above 10T.
D

Co
Civil engineering at P1 - P5.

S (dump/absorber to protect downstream equipment)

limation upgrades.

integrated
luminosity

Will be accelerating negative Hydrogen ions. The electrons are stripped from the
proton from the LINAC to the PS Booster (improves efficiency, intensity and quality).



The Complete LHC Schedule and ATLAS and CMS Upgrades

Phase 0 (Deployed successfully during LS1)
ATLAS CMS

- Additional insertable b-layer (Pixels)
- New beam pipe

Complete muon coverage

Repairs (TRT, LAr, Tile)

- Complete muon coverage

- Replace HCAL photodetectors
(forward and outer)

- New pixel detector (EYETS)

Phase 1 (Deployment now during LS2)
ATLAS

- New Small Wheel (Forward
muons) for L1 muon trigger

CMS
- L1 trigger upgrade

- HCAL electronics

- FTK (Fast Track Trigger) - New beam pipe - Topological L1 trigger processors
/ - High granularity L1 Calorimeter
—g trigger.
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Shutdown/Technical stop

Protons physics

Commissioning

Ions

ATLAS
Full Si tracker up to 4 (with HW track trigger).

Calorimeter electronics upgrade

Timing detector with partial eta coverage (2.4 -
4) LGAD silicon: 30 ps resolution.

Muon coverage (also possibly at LS4)

Phase 2 (Major upgrades with deployment during LS3)

CMS

Strips and pixels replaced with higher granularity up to 3.8 (and HW trigger).

New EndCap calorimeters HGCAL (High granularity) Silicon Pb/Steel 26 X0 and
Scintillator/Steel 9 Int. Lengths.

ECAL Barrel: New shaping with faster time rise to reach 30 ps timing resolution!
Full coverage timing detector (up to eta 3) LGAD silicon: 30-40 ps resolution.




Performance Goals

- So far excellent trigger and object reconstruction performance in increasing levels of PU
(see backup).

- The gain in acceptance and in performance with new detectors (to improve PU
mitigation), new algorithms and new computing capabillities is expected to at
least match current experimental performance.

- Keeping Trigger thresholds at similar levels
- ODbject reconstruction performance (efficiency vs rejection and resolution)
- Calibration is key (based on data) and its accuracy should improve with additional data.

Working assumption to extrapolate current analyses
(including estimate of the evolution of experimental systematic uncertainties have been estimated).



Modelling and Measurements

- TH/ Modelling / MC - uncertainties play a central role in most analyses at the LHC (even when these
are not explicit e.g. sideband data driven methods through MC closure).

- Outstanding collective success of all communities, making LHC a machine for Precision Physics!
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Higgs Physics



Discovery Channels

« Bread and Butter » O(1%) Mass resolution channels Strong but intricate WW channel

WW/lvlv) candidate
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First Precision Measurement at the LHC?

Higgs boson mass measurement

- Measurement in the diphoton and 4-leptons channel
exclusively - dominated in sensitivity by the 4mu and
2e2mu channel (Z mass constraint on the 2e).

Current PDG average:

my = 125.18 £0.16 GeV

- Measurement not yet dominated by systematic uncertainties.

- With an analysis optimised for mass in high statistics,
foresee an ATLAS-CMS combination 10 - 20 MeV
precision.

ATLAS and CMS

7 TeV,8 TeV and 13 TeV

ATLAS H —yy Run 1

—4— Total Stat. [ Syst.
Tot. Stat. Syst.
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Triumph of the Standard Model?

Running of the Higgs self coupling:
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- Knowing the Higgs boson mass has a radical effect on global
analysis of precision data and on the the fate of the Universe!

- Knowing the Higgs boson mass precisely has little impact on
both aspects.



Fiducial and Unfolded Differential Cross Sections

CMS 35.9fb™' (13 TeV)
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Diphoton and 4-lepton differential cross section

Inclusive boosted analysis in bb at highest pT:

- At least one AK8 (CMS) jet and AK1-trimmed (ATLAS) of 450 GeV (CMS)
and 480 GeV (ATLAS)

- One or two b-tags (double b-tagging efficiency pT dependent)
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Remaining to be
observed

Limits

Nano Overview of Main Higgs Analyses at (HL) LHC

Most channels already covered at the Run 2 with only 3% (80 fb-1) of full HL-LHC dataset!

ggfF VBF VH ttH
Ch l 9 550000 q > > q q W,z 9 t
anng Br >H §H W \____ H
categories ) ) .
9 o000 q__< — q q SUH g t
~4 M vets produced ~300 k vets produced ~200 k vets produced ~40 k evts produced
Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb
VY 0.2 % v v v v
L/ 3% v v v v
WW 22 % v v v v
TT 6.3 % v v v v
bb 55 % v v v v
Zy and yy* 0.2 % v v v v
uu 0.02 % v v v v
Invisible 0.1 % Y (monojet) v v v

*N3LO




Run 2 Higgs Headlines

Run 2 Higgs Physics Milestones Already Reached: Third Generation (Charged) Completed!

Yukawas at LHC tau b top
: Exp. Sig 54 0 I 550 510
ATLAS Obs.Sig. | Y s40 | 630
""""""""" mu | 109+035 | 101+£020 | 134+021*
- BpSe | 590 560 1 420
cMs L Obs.Sig. | s90 | s50 | 520
""""""""" mu | 109+027% | 1044020 | 1.26+026"

* 13 TeV only derived from cross section measurements
** Lower uncertainty (upper uncertainty 31)

Room for improvement:

- Larger statistics will allow to focus on more specific (and potentially less vulnerable
to systematic) regions of phase space.

- Make ancillary measurements for a better control of the backgrounds.



£ 180

Highlight ttH single Channel Observation (in the diphoton channel)

ATLAS Full dataset!!

Observation and measurement of ttH production in the diphoton
channel with 139 fb-1 of data at Run 2

ATLAS-CONF-2019-04

ATLAS Preliminary ¢ Data
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CMS CMS-PAS-HIG-18-018

Similarly CMS analysis with 35.9 fb-1 (2016) + 41.5 fb-1 (2017)

Similar analysis with similar performance, difference
In sensitivity largely due to difference in dataset.
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Hybrid Fiducial Approach: Simplified Template Cross Sections

Integrate over the decay products of the Higgs.

Define fiducial cuts at truth particle level on the Higgs production
(eta, pT, number and kinematics of the additional jets or leptons
in the events).

Advantage possibility to combine decay channels and use multivariate techniques in specific
channels. Compromise as both aspects increase the extrapolation.

Define (as much as possible) reconstruction level cuts
corresponding to the fiducial volume of interest (as much as Stage 1 - ggF
possible).

:

. . : VBF cut

Fit the defined partially fiducial defined cross sections in all

regions simultaneously. =7
OO B I TX N O e
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Also recent results based on the diphoton channel
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Beyond the Headlines

With the Higgs to b quarks decays !

ATLAS 1903.04618
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Observation analysis

Analysis based on three main channels targeting WH and
ZH production, based on the W or Z decays:

- 0 « leptons » (for neutrino decays of the Z)

- 1-lepton (W decaying to an electron or a muon)

- 2-leptons (Z decaying to electrons or muons)

Main background is V+jets (in particular b-jets), relies on a good
simulation, but is controlled in the mass side-bands!

Stage 1 - VH VH (H + leptonic V)
v
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Beyond the Headlines

STXSs in Higgs to tau decays !

CMS-PAS-HIG-18-032
10°

N—

77407 (13 Te

—

CMS ;_ -| S+B bnc./bllg.
Preliminary 0.8 — (H—11)/bkg.
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0.4
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Iog10(S/(S+B))
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Main background Z-jets estimated using embedding technique. Other
backgrounds estimated using MC and fake factors.

Classification using a Multi-Class NN technique with 8 categories (ggH,
qqH,Z-jets, diboson (dilepton), single top, tt, gcd, and misc other.

Stage 1 - VH
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> pT'”[O, 25]
(+) 2 3]
i
> pT”[25a oo]
77.4 " (13 TeV)
CMS I Observation
Preliminary - gcl:\gllgxéegg)ag%]as @ BR uncertainties
Mproc
e | - 0 Jet -0.40%078
E .—.—i P[0, 60] -0.3441%

o : : :
52 1 1det P 60,120) . Simultaneous fit
o = .
<« Z- E.? ——i pH 1120, o] 1.80 7709 Of the ggF STXSS
T O = - .

R —.t > 2 et 0.47 70! (which have a
D g ' ' .
== non negligible
rod | Inclusive 0.361%° _ tin the
IMpact In
s e VBF topology 1.00056 SpeCifiC fiducial
,I\E E —— | V(gq)H topology 1175 reglons
gz =z —e—  pl'5200GeV 1.41+198
58 :
E— § g . . Rest -1.06 55
m =2 g
> 2 S ' 0.30
11 Inclusive 1.037)%
RN AT N T T T T T AN A N N A I N B
-5 0 5
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Memento on Invisible and Total Higgs Width

SM width (small i.e. potentially large relative variations
from BSM couplings)

[&y, = 4.074+0.16 MeV

Run 2
(ATLAS or CMS - not combined) HL-LHC
Invisible width
Invisible Higgs VBF 26 %
InV|S|beH|ggsComb|ned ......................................................................................................... S
Total width
Direct line shape <1.1 GeV @ 95% CL N.A.
Couplmgscombma’uon(kV<‘I)ATLASCONF201904 ........................ 22% ......................................................................................................................
OffSheI|H|ggs ..................................................................................................................................... 100% .................................................................
D|photonmterferometry(normal|sat|on) ..................................................................... T
D|photon|nterferometry(masssh|ft) .............................................................................. NA
1902.00134
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Combination of Main Decay and Production Channels Towards HL-LHC

NEW

ATLAS - CMS Run 1 ATLAS
combination Run 2 HL-LHC

K~ 13% 9% 1.8% Ky
e /{WH% ...................................... 8 6%17%KW
e /{Zﬁ% ...................................... 7 2%15% ............................... KZ
g M M% L 28% Ky

K 30% 14% 3.4% K4
/{bQG% ....................................... 18% ..................................... 37% .............................. Kb
/{7_15%14% ..................................... 19% ............................... Kr

Ku

(;(;'1'55 8485 ATLAS-CONF-2019-04 :';6'2-3312'2 Ky,

Measurement of the couplings properties of the Higgs boson - in this case assuming no BSM in the Higgs width

Improved TH and PDF uncertainties by a
factor of 2 w.r.t. current (motivated from
current PDF studies and current TH
uncertainties assumptions)

(s = 14 TeV, 3000 b ' per experiment

L} l L} Ll L l L} L)

| ' Total
—— Statistical
— EXperimental

ATLAS and CMS
HL-LHC Projection

—— Theory Uncertainty [%]
Tot Stat Exp Th
— \ 1.8 0.8 1.0 1.3

— 1.5 0.7 06 1.2
o o
— 3.4 09 1.1 3.1
e pro— P
— 1.9 09 08 15

98 72 1.7 64

Experimental
systematics
non negligible

Expected uncertainty

"0.06 008 01 012 014
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Measuring 2d Generation Yukawa Couplings

The Next Challenge for Run 3 Charm Yukawa
Analysis strategy: Very low s/b, search for peak in m,, Inclusive Exclusive
spectrum over smooth background (categorise events _ e
according to a BDT which also separates ggF, VBF and VH S otk ?TL?;S SIUIEHON  cane 1~ 0'45 0
] ] o = — A — ceff!c!ency 41°/o 1-0. %
signatures). Very low s/b require excellent background e [ ST catteney s - £ +,,— I/
. g e o 41%efiiciencywp| 0.4 & //L l/[/ /y
description. yox s}
5 10° -0.35 ©
%x10° 35.9 o (13 TeV) - 0.3 H _ _5_
LY S e o
(Lg al ﬁ:O.glfLor m, =125 GeV ¢ Data 1 02 = 0.25
° 1 5 comporert = 15 25.9) 0.2 Also limits on .,
I i 0.15 Upsilon-gamma
o 4 10¢
g 2 T — 0.1
£ 3 4567810 20 30
2 0 | | | | | b-jet rejection
g 20(; : % { } { } componen zu rac:
B oottt v R Very challenging, various ways to constrain  Run 2 HL-LHC
110 115 120 125 130 135 140 145 150 4 _ _ _ N )
m,,, [GeV] — VH(cc) direct detection (relies on ability to <100%xSM <6XSM
. distinguish b and c jets
Current limits at J jets)
— Quarkonia decays - <~80xSM
1< 2.92 (2.16 exp.) at 95% CL - " | v
— Differential cross sections- Charmonium- <~30xSM <~8xXSM
Coupling precision reach at HL-LHC* photon exclusive decays
~50/, — Total width from the couplings fit (kV<1) - <1.7xSM
— WH production charge asymmetry (PDFs) _ <6XSM

* With the kappa model assuming no BSM in the decay



Double Higgs Production and Higgs Self Coupling

g — - 1 Yoo )
Y t A v> _H_ _<:
g |l H Y S H
Differential information taken into account with higher
- The total production cross section is very small, huge amount of impact on trilinear constraints.

recent work to improve the prediction at full NLO (differential)! First

step is a limit on HH production. — 102 p e
a8 = _-- bhbb exp-; _- Combined (exp.) -
] i ] . . — - —— bbbb (obs. — Combined (obs.) -
- Multiple channels investigated: depending on the both Higgs T I b Expected =10 (Combined)
decays considering (bb, yy, tautau, WW) Tot0L mrEm) ey predcton
Q - -
- Evolution of sensitivities has brought interesting surprises. % R SMi TRt -
1L e "IV: v = -
- = nllialk. R A =
exp. WW 7y bb yy bbrz bbww bbbb - - -
£ - .
o X B 0.1% 0.26 % 7 % 25 % 34 % 19 -1 é 10~ - v,%tl?,gielireliminary E
Q - » .
ATLAS | <747 (386)| <22 (28) | <13 (15) - <13 (21) 36 fb-1 > - 27.5-36.11b .
O : |
CMS : <24 (19) | <30 (25) | <79 (89) | <75 (37) 2 10" 0 459075 0 5 10 15 20
(@))

=N ! A

Ky = Maun ! Msu

Combination (CMS)  opm < 13 X gy (15 exp.)
Combination (ATLAS) —D.0 < k) < 12.1



Double Higgs Production and Higgs Self Coupling

At HL-LHC: Direct search

- Analyses completely reappraised.
- More channels investigated in detalil.

ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV)

— L . T
1 ha- .
= SM HH significan¢e: 40 ', — Gombination
5 1ol 0.1 < k1< 2.3[95% CL )
v L 0.5<Kk1<1.5[68% CL] ==~ bbyy
9ancL 8 L /N bbrr
: - bbbb
6} )
K bbZZz*(4l)
95% CL 4fa - - av koo oo fe eI “ bbVV(Iviv)
obe
68% CL [t S_ 3\ fer ]
0_1111111-.1\1‘I~ \‘ 7 0 dasaa]

-2 -1 0 1 2 3 4 5 6 7 8

05 <Ky <15

- Not quite 5 s.d. observation of HH signal.
- significant exclusion of the secondary minimum.
- Closing up on a measurement, but not decisive.

Huge progress made nevertheless! Probably still more
(though not completely obvious).

Indirect constraints through differential cross

sections

ttH Process (with subsequent
decay to diphoton)

PN

—4.1 < k), < 14.1

Possible to disentangle
effect of trilinear from other
coupling modifications from
the differential distribution

(fo/GeV)

x BR(H—yv) /dp:

ttH+tH
fid

do

-2AInL

CMS Phase-2 Simulation Preliminary

3ab’ (14 TeV)

—— Stat + exp. syst. + ggH+VH theo. uncert.
102 — | Hadronic categories only
— | Leptonic categories only
B ) | P | Expectation k, = 10
- Ii] -------- Expectation k, = -5
I l l """ ttH+tH theo. uncert.
‘ il :
o L
- (p!' > 350 GeV)/150 GeV
— IYM <25 ponmremees l} """"""
L Hoyy: p; >20 GeV, In'l<2.5 E
>=2 jets: pjT > 25 GeV, hfl < 4, at least one b jet '
107 1 1 1 ! i
0 45 80 120 200 350
pl (GeV)
CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)
6 | I I L I I I | I I I I | I I ! I | I ! I ! | LIRAL I I
| 1 o —
B \ —— w/ YR18 syst. uncert. 7
S b e Stat. uncert. only ]
B Hadronic categories only ]
41— ]
| 95% CL | Leptonic categories only /
3 N K = 1 ]
ol _
1 B __
| 68% CL —_
0 B | | 1 | 1 1 | 1 | 1 | | B
-10 -5 0 5 10 15 20
FTR-2018-020 o



Precision Standard Model Measurements



W Mass Measurement

4
Analysis strategy based on P and 7IlT fitted in several categories

N 10 N | | L | [ _
) 9 S T e fitter sul® 3 - Categories are defined by the charge of the reconstructed lepton, its flavor and its pseudo rapidity.
8 E_- SM fft measurement _§ - o< - «® _
= SM fit w. and M,, measurement - 8 1401 ATLAS 1 — 8 140~ ATLAS =
7 ;__ SM fit wi imal input _; 0 120;_ (s=7TeV, 4.1 fb — N _; 2 o0 Is=7TeV, 4.1’ W d _E
6 E_I-.-l M,, world ge [arXiv:1204.0042] _E ; 100;_ xz/dof=gg/39 _i % 100 XD?/doa:C= irs%g _i
5 - . g 80 _; Lﬁ 80 m -
= — o 60 = 50 3
s N =P 40 = 40 I =
- - 20 20 =
3 — N | .
- = e W 5 102‘::-::::':::::::::'::::::::::::-:'::::-:-:::':-:-::-: FHFTE
1 ;_ _______________________ B / o—1 - _; 1o g 36 32 34 36 38 40 42 44 46 48 50 (D_.c% 0. 9863670 ................... 80 ................... 90'|'100 ........... _]. 1'I:|0 1 L
0 11 | L 111 I |: ! N N AU T N T T A Y N A p [GeV] my [GeV]
§0.32 80.33 8034 80,35 80.36 B80.37 80.38 80.39 804 80.41
E 5 Mo [GeV] my = 80369.5 = 18.5 MeV
! ! : I I
1 1 .
ATLAS . : T | +0.8 (Stat) 1 10.6 (EXp) T 13.6(M0d) MeV
Preliminary: : == Stat. Uncertainty
! E — Full Uncertainty
| | Prospects at HL-LHC: ATL-PHYS-PUB-2018-026
LEP Comb. : : @-80376=33 MeV = 20 , , -
: , [ ATLAS Simulation Prel -
: : - Need for low PU (~2) S 18 erAS ray ation Preliminary E
Tevatron Comb : ' 80387+16 MeV = Bl Stat. © PDF 200 pb"
| 5 5 *— - No need for huge amounts of data 200 pb" £ 165 mwfromm. &p in| <4 Stat. @ PDF 110"
: : | | imatel or g Por E
LEP+Tevatron : . @-80385:15 MeV (already a good start only approximately one 1o E
: : week at 14 TeV) to 1 fb™ 1ok E
: +_a 80370+19 MeV - .
ATLAS ; SO0 M - Larger TRK acceptance (and HE): reduce PDF 8} -
: : ... 8 B
Electroweak Fit L 1010 MeV Current and projected PDFs HL-LHC and LHeC -
: ! | | -
80320 80340 80360 80380 80400 80420 ~10 MeV for 200 pb-1 2r
- - m,, [MeV] 0

~6 Mev for 1 fb'1 (~4 Mev Wlth LHeC) CT10 CT14  MMHT2014 HL-LHC LHeC



Measurement of effective weak mixing angle at the LHC

With the improved other measurements (Higgs and W masses)
measuring sin” Hgﬁ' become increasingly important.

~, 10 ¢ | ] _—
é - ] -
N i 5 A — 30
8 = SM fit w/o meas)sensitive to sin*(6.) =
= SM fit w/o meas. ensiti\'z_e to sin®(6.,) and M meas. =
7 £ -~ LEP/SLD [Phys. Rep. 427, 257 (2006) ' E
6 ;_ -@- Tevatron [arXiv:180{.06283] —;
5F ‘ =
Q- R St el — 20
33 . e
2 3
L Sy S PPETEELrTy Nl 10
0 - 1 I ] | | l 1 | | 1 | I -
0.2312 0.2314 0.2316 0.2318
=2/l
sin“(0,)

At the LHC the direction for the FB asymmetry is the
direction of the boost which is enhanced in valence quarks.

The size of the asymmetry as a function of the di-lepton mass
will depend on the rapidity of the system (how boosted it is in
the z direction). Where a high boost generates less ambiguity
on the initial direction of the charge (from valence quarks).

.. 1
CMS Preliminary 18.8 fb™ (8 TeV)
CnO'4IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
<LL | 00<IY, 1<04 | 04<IY 1<08 |08s<IY I<12 [12<IY I<16 [16=<IY 1<20 |20=<IY I<24_|]
0.2 —
0-:._._.2"'&17;
+
_0.2 —
L1l
: : lllll
L. oo0sF
. -
CU 0_+—.Q-,~..¢-.+-+
wfd -
CDB _0.05 &
70 90 110/70 90 110/70 90 110/70 90 11070 90 110/70 90 110

M, (GeV)

Extraction of the weak mixing angle from the A4 Polarisation
coefficient in the differential cross section as a function of mll and vyl
(for CMS in bins of these variables).

1 do 3{
ocdcosf* 8

A
1 + cos” 6% + 70(1 — 3c0s?0*) + Ay cos 9*}

sin® 0% = 0.23101 & 0.00036 (stat)
+0.00031 (PDFs) 4 0.00024 (syst)

EPJC 78 (2018) 701




Measurement of effective weak mixing angle at the LHC

Latest ATLAS result using forward electrons up to eta of 4.9. With the increased luminosity and muon acceptance in CMS
(from eta 2.4 to 2.8)
ATLAS-CONF-2018-037 S o CMS FTR-2017-001
CMS Phase-2 Simulation Preliminary
. . . . . . m 025 T - 1 - 1 1 I
ATLAS result with a similar analysis (also with substantial < Fooewicos |onsiv i<os |osam 1<tz | 12ai i<ts | 16t i<20 | 20en 1224 | 20sw 1<2e]
constraint of the PDF uncertainties): F 4 ¥ . E
0.15 :— £ f+ +J‘[> _;
0.1 f— {‘j} {:0—&3 {:}00 y%o +_f
sin® 0%, = 0.23140 & 0.00021 (stat) F SIS I I P B
+ - ST o B g
£0.00024(PDFs) 4 0.00016 (syst) bt SR
ATLAS Prelimi o ;_—a— 8TeV, 19fb", |:<D2.4 o i‘%ﬂ %‘2 - _;
— re Ilmlmlar.y — i | —— 14TeV, 3000 b™, nl < 2.4 =
LEP-1 and SLD: Z-pole vy 0.23152 + 0.00016 e N N I IR
O,b T T 019 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110
LEP-1 and SLD: A_; i —e—i 0.23221+ 0.00029 M, (GeV)
SLD: A —e—i 0.23098 + 0.00026 o
— — Individual measurements reach the level of the current World
Tevatron —e— 0.23148 + 0.00033 5 , _
— — Average of[1 6 (10 )bI\/IS estimate alone with muons.
LHCb: 7+8 TeV | ° , | 0.23142 + 0.00106
CMS: 8 TeV B I @ — B 0.23101+ 0.00053 10 EMS Phasel-2 Sile/Iatio'n Prle/irlninlarlyl I | —— 14 Tel\i (02
ATLAS: 7 TeV B . . |0.23080 +0.00120 S s ' 0-rro--ro e
ATLAS: €€ HHM B : o ] N 0.23119 £ 0.00049 % e g
ATLAS: ee.. B ——te 1 |0.23166 + 0.00043 S 1o
ATLAS: 8 TeV B — e | 0.23140 + 0.00036 S <20 o
O . 23 O . 23 1 O . 232 : : ztljt:[:l::lo nominal i fl:a;?lf:lo nominal :
. D / —e— NNPDF3.0 constrained —©— NNPDF3.0 constrained
SN eeff 1 1Io | Ill”l |1<|)2 | IIIHI I1cl>3 o



The Top Mass

Direct measurements made using template fit to the reconstructed mass (event kinematics)

-
o

- N w ) 3 (o2} ~N (o] ©
I|III

mf°'e from ATLAS oﬁ [arXly:1406.5375]

| | | | I | | | | I | | | | I - //l I | | | | I | | | |

fitter|sw :é

- O
»
o

t

Total uncertainty on m [GeV]

— — N
&) — &) N &) w
llllllllllll

-

30

20

— 1o

165 170 175 180 185 190

m, [GeV]

L

- -

s

............. CMS :
: Preliminary Projection

: - J/V, arXiv:1608.03560

i -=== g (tf), JHEPOS (2016) 029

: sec. vtx, PRD 93(2016)2006
"% amea- single t, PAS-TOP-15-001
l+jets, PRD 93(2016)2004

A _BE _RE _BE _BE BB _BRE _RE_BE _BE_BE_RE _BRE N

\
------- I A}

L T fmimimimismimimIimo-o-

lllll’llllllllllllllll

------------------

Run I 0.3/ab, 14 TeV 3/ab, 14 TeV

Data/MC Permutations /5 GeV

x10° CMS 35.9 fb' (13 TeV)
80 mticorrect | mmsinget 1 13 TeV CMS result
Z70F [ tt wrong L] \Z,\Lﬂeettss =
605— [ ] tt unmatched EQ D multijet _
0 com o St 172.34 £ 0.20 (stat + JSF)
40+ 5 CMS-TOP-17-007 - + 0.76 (syst) GeV
30¢ , :
205 Syst: Jet Energy Corrections and Modelling
10} | |
. Measurements already dominated by systematics
1
— bl O T W
057400 200 300 400
m" [GeV]

Several possible approaches:
- From cross sections (limited by prediction uncertainties and luminosity)
- Using B decays to J/Psi (smaller jet related uncertainties)

- Traditional approaches

Typical reach Lambda QCD ~180 MeV
More possible approaches to explore e.g. using differential cross sections



Rare EW Processes

CMS rare EW measurements

Sensitivity to rare multi-boson processes

March 2019

CMS Preliminary

CMS EWK measurements vs. 7 TeV CMS measurement (stat,stat+sys)

vy—WW
qqWy

ss WW +

ss WW
qaqly
qqWZ
qqZZ

Theory 8 TeV CMS measurement (stat,stat+sys)
13 TeV CMS measurement (stat,stat+sys)
—o—+—i 0.84 +0.08 +0.18
- 0.91+0.02 + 0.09
o 0.93 £0.14 = 0.32
o 0.84 + 0.07 £ 0.19
" 0.98 + 0.04 + 0.10
.  1.74 £0.00 £ 0.74
. — 1.77 £ 0.67 = 0.56
. 0.69 + 0.38 + 0.18
—e—+ 0.90 £0.16 = 0.08

1.48 = 0.65 £ 0.48

0.82 + 0.47

1.38 + 0.64 = 0.38

—+—0—+—
——eo—+—

——e—+—

19.3 fb™
35.9 fb’’
5.0 fb

19.7 fb’
35.9 fb™
19.7 fb
19.7 fb
19.4 fb™
35.9 fb’’
19.7 fb™
35.9 fb

35.9 fb’

0
All results at:

http://cern.ch/go/pNj7

2 3 4
Production Cross Section Ratio: o

exp /

O

5

theo

Tri-bosons in ATLAS  ATLAS 1903.10415

In the 3-lepton and 4-leptons channel.

4.0 (3.1)o observed (expected)

significance for WWW+WVZ
ATLAS {s=13TeV, 79.8 fb™
T - 1 1
tot. - 8ombined
b. stat.
stat. Gomb. fot, ot stat
+0.62 +0.39
WWW 2¢ F o 4 u=224 "5 _0.38
+0.54 +0.49
WWW 37 | ® | u=0.47 _0.44

+0.96 +0.49
u=-0.10 [jgs _0.47

Wvz 3¢ | —-e&-—

WVZ 4¢ 0.83 _0.75
B 039 4025 |
Combined I-f-l u=138 3 o

— VYVV/ VWV
u=oc""V/ogy



WZ

Events /0.2

Data / MC

u >
W+ W+
H
|
W+ W
d <

EW Vector Boson Scattering

EW Vector Boson Scattering process

Unambiguously observed by both ATLAS and CMS (at more than 50) in

the Same sign WW mode. Evidences in the WZ mode.

5.60 (3.30)

45

E ATLAS Preliminary = e paa

40F (s=13TeV,36.11b" L IWZ-EW

35F
of 1
25F
20
15

W*Z-QCD
Y4
B Misid. leptons
tt+V
1IN/ Il tZj and VVV
""""""""" %% Tot. unc

//////////
,,,,,,,,,
,,,,,,,,

//

,,,,,,,,,,,,,,,,,,,,,,

PR PR T T PR ST S SRR N SR S
-0.5 0 0.5

B

BDT Score

150

Events / bin

—h
-
o

50

O !
500

CMS

5.50 (5.70)

WW 35.9 fb™ (13 TeV)

—

|
-o- Data

EW WW
A4
Nonprompt
Others
\\ Bkg. unc.

SN .
.llllllll@&QN&?&&Q%R&§S&§§§$§F§&§S&&:

E———

1000 1500 2000
m; (GeV)

Longitudinal-Longitudinal Scattering

Important additional check of the EWSB sector.

Suppressed from Higgs cancellation however with very large
statistics and polarisation sensitive variables, there is
sensitivity to SM LL signal almost 30 for CMS alone.

With ATLAS and more channels WZ and ZZ well above 30

Events/bin

4000

3000

2000

1000

CMS Phase-2 Simulation Proliminary 3 ab” (14 TeV)

5000-

600 800 1000 1200

CMS FTR-2018-005
c CMS Plhase-z Slimulatiorlr Prelimirliary 3 atl)'1 (14 TleV)
| l ) c Pt e e e e
= i
— WW(EWK) B 1400 —— WW EWK(LL) | -
— WW(QCD) S - WW EWK(LT+TT) —— i
- > .
tt W 1200 V_VW(QCD) ]
— WZ - - tt ,_
] 1000_ Wy
. 8001~ m, > 1100 GeV -
600 I — ~
]
400+ — ~
] I —_—
I 200_— _
N T R O_ | | ]
1400 1600 1800 2000 0 0.5 1 15 2 25 3
m, (GeV) Ad,



Ratio to Powheg+Pythia8

News from Top Measurements

Single Top in association with Zq

Top pair spin correlation ttZ process
In the di-lepton (e-mu) channel. Important ttZ measured with 10% precision and In the 3-lepton channel (with Z to leptons).
ICHEP, now compared to fixed order recent differential measurements
CMS 1812.05900 ;{/1.
NNLO and result NLO QCD and EW 006 00r Ja— a
estimates in good agreement. o(pp — ttZ) = 1.00 T3 (stat) Ty g6 (syst) pb - s Tran w%
— ¢ Data tZ29 | p—s -—t
o - [WZ I tiZ
ATLAS 1903.07570 CMS-TOP-PAS-19-009 -~ . [_INonprompte/u [mZZ )
1.08IIII 1T I 1T I 1T I 1T I 1T M ; . '1 *g [:ltt-X/tX BXY(‘)
- | | _| | |ATLL\S | | | ] 7_C. 'S'Plrell/mfnqryl —_— 775 f,b 1(1.3.1— e'V? g 100 [ ] Multiboson =224 Total unc.
1.06 NEILSIve = oF ¢ Data E w [ ]
- \s=13TeV, 36.1 fb" - %‘ : ——aMC@NLO -
1.04 = - 3 5 { - i
= | o . é 45_ I _5 B
o Loy 18 _f sof
YE 7 LY T ¥ 1 Zy yd 87 %p. F-I.-I :-I-I-I-E A T e B V) D, 5 : : —
1_"“- e (ol “ k % % 2 I | - .
. ¢ Data : e }
0.98 — powheg+Pythia8 —— 1 | ] © . i
- PP8 scale up/down | \ : | | | - : -
096F — NLO QCD+EW (M _mt) —@— ..CE 0E — 1111+ 5 —r- l .l
" NLO QCD+EW scale up/down 5 S 1.25F ) : 0 C] —
u - - ' B Stat. unc. Total unc.
oo 22 HorH S P = s v == e B L STV W T S
i NNLO scale up/down | | | | ] a 0'75: 1 1 1 1 E 05 _{ ¥ i
0 J© /2. Y Y Y A N T T T O O el o e — o *~E 3
102 4 7 1 0 100 200 300 400 500 ©  0OF - - -
0 0.102 0.3 04 05 0.6 0.7 0.8 0.9 Z) [GoV] 5 )% Y 5 0E 1

Parton level A¢(I*,I)/x [rad/n] BDT output

Campbell, Ellis and Rontsch 1302.3856



Global (SM) EFT Fit

SMEFT with * Approach 1 inputs: * Approach 2 inputs:
dimension 6 e Z pole (LEP, SLC) and WW (LEP) * LHC Higgs signal strengths (in part VH).
Operators in the ® _—|C H|ggs Signal Strengths (|n part VH) e HH differential in baby
Warsaw basis: with e LHC WW (with pT>120 GeV) e ZH in the high ZH mass regime
universality ~20 e Higgs STXSs e WZ (better than WW)
parameters e DY (high mass)
Individual 95% CL sensitivity, WG2 projections (with STXS)
100 = LHC (current) - 50 & B LHC+LEP/SLD M HL-LHC (§1/82) --- Echsimbond | 44104
50 - W HL-LHC (3ab™ ") ; ! 3
B HE-LHC (15ab")
- @ HL+HE-LHC (#5ab™')
= 10 = : 0.01 )
% 5 3 _ 0.04 “%
= &
S <
Z S
R : 1
0.5F .
0.1 . 01

Osw Occ Oww Oge Ouw O Owe Owp Oy Oy O2w O2 O

T B M ~3 U R OO0 =2 o= 0 R O 2 o=
N = as £ D T S > =
COSSPT TS TSTT ST T VL

Quadratic terms taken into
Only linear terms in parametrisation account where needed.

Indirect sensitivity to new phenomena of O(10 TeV) and up to O(50 TeV)




Direct Searches for New Phenomena

Minbias |1,02
W 711,08
Z 111,09
ZZ 01,11

Single t (s-channel) 1,1
Single t (t-channel) 1,14
Wit 1,18
WH 1,1
Higgs ggF 1,13
Higgs VBF 1,13
HH 1,19
Top pair 1,18
ttZ 1,2
ttH 1,21
Stop pair 900 GeV 1,37
Stop pair 2 TeV 1,73
Z’ SSM 4 TeV 1,4
q* 6 TeV 2
QBH 9 TeV >3

Ratio of production cross sections (from 13 TeV to 14 TeV)
(from ratios of parton luminosities)



Towards HL-LHC and Precision Physics at LHC

Projected MAX gluino limits

The Higgs boson discovered and all processes measuremed 3000 >0 190 150 200 250 300 1000 5098

so far are all Standard Model-like.

So far nothing else! However for most search analyses Run 2
data with only approximately 35 fb' have been published.

2500}

(413]18M "V puD WD)DS *9 Woif) *Jb 38 Yys ‘g wo.4

exploit searches potential (the fixed mass sensitivity increase | 8 TeV

with S but the sensitivity relative to beam energy decreases!) T . .
0 50 100 150 200 250 300 1000 3000

Lins [f671]
http://collider-reach.web.cern.ch/collider-reach/

>
O
@
Although the times of start of higher energy run when °
. . . . . 3
potentially spectacular discoveries were possible is » 2000 :
essentially over, there is still plenty of room for discoveries! V- i
s 1S ICHEP 2016 |
iT i3 |
T 1 |
N |
L _ . . 1500(] iS i3 |
Luminosity will be essential in future Hadron colliders to fully > | :




Searches for High Mass Resonances

ATLAS Dilepton search ATLAS 1903.06248 ATLAS Diet search ATLAS-CONF-2019-007
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Searches for Natural and Strongly Produced SUSY

T, production, T— b t % /T—~ c %, /T= Wb % /T~ t% May 2018

~ ATLAS Preliminary Vs=13 TeV, 36.1 fb”

=Tty T~ Wb %2 oL [1709.04183]
— Tt T Wb3 /T bty 1L [1711.11520]
BTty /T-Wb %, /T—bff %, 2L . [1708.03247]
~BT-cy /T>bff ;z‘: Monojet [1711.03301]
Ty, cOL [1805.01649]
— (s=8TeV, 20 fb" Run 1 [1506.08616]
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Not so natural SUSY: Stops > 1
TeV ~Tuning of factor 20, but these
exclusions are under specific
conditions, and there are
unexcluded corridors.
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Squarks and gluinos
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—O0-lepton: arXiv:1712.02332
— 1-lepton: arXiv:1708.08232
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Stop also a scalar requires light
gluinos to be light enough: for
gluinos > 2 TeV ~tuning of Factor
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Events / 100 GeV

Strongly Produced SUSY Searches

Stop OL at HL-LHC

Large MET for large stop-
neutralino mass differences
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Electroweakinos or How can Natural SUSY have Escaped?

Weak production of chagrinos and
neutralinos

J
P
X3
~0
~+ X1
p N .
\
et

Disappearing tracks topologies

(Uses MET Trigger - requires ISR jet)
ATLAS-PHYS-PUB-2018-031
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Generic Searches for Dark Matter

Searches also according to topologies and interpretations in simplified models: Mono-jet, mono-V, mono-
photon mono-Higgs, mono-top, etc...

CMS Mono jet search prospects ATLAS mono-top search

CMS FTR-16-05 CMS Preliminary Simulation 3000 fo” (14 TeV) In the semi-semi-leptonic top decays channels
- - 7)) S L A B A B ]
qc) 10 -Background(V+jets) ; E ::tl|llll|IIII|.IIII|II.II|IIII|.II.II|IIII|IIII§
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Very Large Number of Searches
In large variety of topologies and models

2 TeV

3 TeV
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Very Large Number of Searches
In large variety of topologies and models
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GRS t~1—>o\~’(1J / éc, E—)O\’? Oe,u 2¢ E?iss 36.1 & 1 0.9 TeV m{¥}=150, 250 GeV 224
, f 1
Oe,u mono-jet EM*  36.1 i 1 0.25 (0.36) TeV mif)=15GsV 2251
f2f2, fZ—)fl +h 1-2 e, u 4 b E?iss 36.1 ;z D u t t | | I f t t O 1 5 | | 0.42 |055: Ta\ ,'?11'1"['::1 5GaV 2251
- 1
~+~0 . 53 i)
vz s | ISCovery potential or StoOpsS up to S5 Te |
X7 via oo i o Eﬁﬂss o )?11;)?2 047 1 0.21 (0.35) TeV Am{xz, X )=5GeV 2252
- . N 1
XTXT viaww 2e,pu EMs 139 |} :
/\7-11- ~g via Wh 0-1e,u 2h E;‘}iss 36.1 /?f//‘-/g : 0.86 (1.08) TeV 242
5 XX vialn/v 2e.p Eps 139 | ¥ 1
Q . u u [ 772\ el
88 i R (i Discovery potential of EW SUSY up to O(1 Te PR
/X .22 !
TrlLR, I— 00 2 0 jet miss - . 1 0.47 (0.65) TeV m(¥\)=0, m{#)}=m(#g) 232
fLrlLR, (Y ep jets  Ep 139 |7
LRILR 1 Do o Eﬁ““ 36.1 2 . 1 0.81 (1.15) TeV m{X)=0, m{? }=m{?g) 2.34
AA, A—hG|ZG 0e,u >3b  EPS 361 @& 0.13-0.2¢ |
4ep Ojets  EMS 361 |@ 1 0.8 (1.1) TeV Wino-like X | 4.1
B o Direct¥1¥] prod., long-lived ¥} Disapp. trk ~ 1jet  EMSS 361 | i} 1 0.6 {0.75) TeV Higgsino-like ¥, 4.1.1
=3 ¥ 015 1
w01 |3 (Of course more at HE-LHC) L e o
S 2 Metastable % R-hadron, 3—qgt} Multiple 36.1 g [v(® =10ns, 02 ! : 2.0(2.1) TeV Wino-ike DM 4.1.3
LRV pp—¥r + X, Ve —eufet/ut €{L,eT,UT 32 |7 I 0.28 (0.3) TaV Higgsino-ike DM 4.1.3
TERT 1Y = wwyzeeeevy de,p Ojets  EMs 361 |/ Ams 20,400 1.33 m(¥7)=100 GeV 1804.03602 <= ‘ 1
33, o000, X = gqq 4-5 large-R jets 36.1 g [m())=200 GeV, 1100 GeV] 1.3 19 1 Large 17}, 1804.03568 g 8 MSSM, Blectroweak DM Disapp. trk. 1)et DM mass . 0.55 (0.6) TeV Higgsino-lke DM 413
0>. Multiple 36.1 g [ ,=2e-4, 2e-5] 1.05 201 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003 i ,
s R-hadron &—wiat ¥ e =0.1- y = / 4
O 77 s X0 = s Multiple 361 | & [A,=2e4, 1e2] 0.55 1.05 1 m()=200 GeV, binoike ATLAS-CONF-2018-003 & R-hadron, §—gg¥, 0 fultiple g [r(#) =01-3ns] : 34 Te\ mix}}=100 GeV 1.2.1
fifi, i —bs 2jets+2b 36.7 |'#f lqq bs] 0.42 0.61 1 1710.07171 # R-hadron, f—ggt) 0 Muliple 2 [r(§ =0.1-10ng] 2.8 TeV 4.2.1
fif1, h—oqt 2e,u 2b 36.1 i 0.4-1.45 1 BR(f, —>be/bu)>20% 1710.05544 ) !
Tu DV 136 | &1 [1e-10< ), <1e-8,3e-10< 1), <3e-9] 1.0 1.6 1 BR(fi ~qp)=100%, cosé,=1 ATLAS-CONF-2019-006 GMSB ji—pG displ. p - i 1 02 TeV ¢r =1000 mm 4.22
1 |
1
1 "
1 L L L L L L L L I II L L L L A A A A A A A L ‘ L B A A A A A L aI'X|V:181 2-07831
“Only a selection of the available mass limits on new states or 10° 1 Mass scale [TeV -1 1
phénomena is shown. Many of the limits are based on 1 [TeV] 10 'Mass scale [TeV]
simplified models, c.f. refs. for the assumptions made. 1 !
1

2 TeV 3 TeV HL-LHC YR
Example from ATLAS (same for CMS) 1812.07831



Heavy Gauge Bosons

Leptoquarks

Excited
Fermions

Contact
Interactions

Extra Dimensions

Dark Matter

Other

SSM Z'(42)

SSM Z'(qq)

LFV Z’, BR(eu) = 10%

SSM W'(Lv)

SSM W'(qq)

SSM W'(Tv)

LRSM WR(£NR), My, = 0.5My,
LRSM WR(TNR), MNR = O-SMWR
Axigluon, Coloron, coté =1

scalar LQ (pair prod.), coupling to 1%t gen. fermions, B=1
scalar LQ (pair prod.), coupling to 15t gen. fermions, B = 0.5
scalar LQ (pair prod.), coupling to 2" gen. fermions, B=1
scalar LQ (pair prod.), coupling to 2" gen. fermions, B =0.5
scalar LQ (pair prod.), coupling to 3™ gen. fermions, =1
scalar LQ (single prod.), coup. to 3@ gen. ferm., B=1,A=1

excited light quark (qq), A=myq

excited light quark (qy), fs=f=f=1,A=my

excited b quark, fs=f=f=1,A=mq
excited electron, fs=f=f=1,A=m;
excited muon, fs=f=f=1,A=m;

quark compositeness (qq), Nurr =1
quark compositeness (#£), nurr =1
quark compositeness (qq), Nuurr= — 1
quark compositeness (££), nuprr= — 1

ADD (jj) HLZ, ngp =3

ADD (yy, ) HLZ, ngp =3
ADD Ggg emission, n=2
ADD QBH (jj), nep=6
ADD QBH (eu), Ngp = 6

RS Gkk(qq. 9g), k/Mp= 0.1
RS Gg(££), k/Mp = 0.1

RS Gik(yy), k/Mp = 0.1

RS QBH (j), nep =1

RS QBH (eu), ngp=1
non-rotating BH, Mp =4 TeV, ngp = 6
split-UED, u=4 TeV

(axial-)vector mediator (xx), gq=0.25,gpm =1, my =1 GeV
(axial-)vector mediator (qq), gq = 0.25,gpm =1, my =1 GeV
scalar mediator (+t/tt), gq=1,g9om =1, m, =1 GeV
pseudoscalar mediator (+t/tt), gq=1,gom =1, my=1 GeV
scalar mediator (fermion portal), A, =1, m, =1 GeV
complex sc. med. (dark QCD), my,, =5 GeV, cTx, =25 mm

Type Ill Seesaw, B =B, =B+
string resonance

Mz
My
Mg
My
My
My
My
My,
Mc

R

Miq
Mo
Mg
Mo
Mo
Miq

N
/\LL/RR
.
/\LL/RR
A

AEL/RR

Mmed

Very Large Number of Searches
In large variety of topologies and models

Overview of CMS EXO results

CMS

36 fb~! (13 TeV)

1803.06292 (24)
1806.00843 (2j)
1802.01122 (ep)
1803.11133 (£ + Eyiss)
1806.00843 (2j)
1807.11421 (T + Ep'ss)
1803.11116 (24 + 2j)
1811.00806 (2T + 2j)
1806.00843 (2j)

2.7

3.3

3.5

i-?-l

INIES

S
[N}

e
=

1811.01197 (2e + 2j)

1811.01197 (2e + 2j; e + 2j + E'ss)
1808.05082 (2 + 2j)

1808.05082 (2p + 2j; p + 2j + EF'ss)
1811.00806 (2T + 2j)

1806.03472 (2t + b)

1.44
1.27
1.53
1.29
1.02
0.74

. 11806.00843 (2j)

. 11711.04652 (y +j)
. 11711.04652 (y +j)
. |1811.03052 (y + 2e)
. 11811.03052 (y + 2p)

1.8

X w
® ©

o
U
o

1803.08030 (2j)
1812.10443 (2¢£)
1803.08030 (2j)
1812.10443 (2¢£)

12.8
20
17.5
31

1803.08030 (2j)
1812.10443 (2y, 214)
1712.02345 ( = 1j + Ep'ss)
1803.08030 (2j)
1802.01122 (ep)
1806.00843 (2j)
1803.06292 (24)
1809.00327 (2y)
1803.08030 (2j)
1802.01122 (ep)
1805.06013 (= 7j(£, y))
1803.11133 (£ + EY's)

1.8

2.9

3.6

NG

N
“---II-----------1--'

12
9.1
9.9
8.2

e
o

5.9

9.7

1712.02345 ( = 1j + EY'ss)
1806.00843 (2j)

1901.01553 (0, 14 + = 3j + EP'sS)  0.29
1901.01553 (0, 14 + = 3j + Eiss 0.3

. [1712.02345 (= 1j + Ef's)

1810.10069 (4j)

1.8
2.6

1.4
1.54

1708.07962 ( = 34)
1806.00843 (2j)

0.84

7.7

0.1

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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Example from CMS (similar for ATLAS)

10.0

4 TeV

January 2019
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! Section
Model spin  95% CL Limit (SOIId), 5 o DISCOVery (daSh) HL/HE-LHC
I 1 1 ' I I I ' | | I l | 1 | 1 | 1 | l | | 1 ] I I | I 1 1
KK — 4b 2 : : i ' : i : 6.1.1
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Grs = 11 S O G
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SSM Z'(42) My

o SSM Z'(qq) My
§ LFV Z', BR(eu) = 10% My
2 SSM W'(£v) My
2 SSMW(qq) M
(U SSM W'(tv) My
S LRSM WR(INg), My, = 0.5Muy, My,
g LRSM WR(TNR), MNR = O-SMWR My,
Axigluon, Coloron, coté =1 Mc

scalar LQ (pair prod.), coupling to 1%t gen. fermions, B=1 Mg

% scalar LQ (pair prod.), coupling to 1%t gen. fermions, B=0.5 M,
5 scalar LQ (pair prod.), coupling to 2" gen. fermions, =1 Miq
g scalar LQ (pair prod.), coupling to 2" gen. fermions, =0.5 M
9 scalar LQ (pair prod.), coupling to 3™ gen. fermions, =1 Miq
scalar LQ (single prod.), coup. to 3@ gen. ferm., B=1,A=1 Mg
excited light quark (qq), A=myq My

B g excited light quark (qy), fs=f=f=1,A=my Mg
£€ excited bquark, fs=f=f= 1L,A=mg My
& E excited electron, fs=f=f=1,A=m; Me+
excited muon, fs=f=f=1,A=m; M,

» g quark compositeness (qq), Nurr =1 Nra
§ B quark compositeness (££), Nurr =1 AUrs
5 g quark compositeness (qq), Nuurr= — 1 ALgrr
© g quark compositeness (££), nuprr= — 1 Are
ADD (jj) HLZ, ngp =3 M

ADD (yy, 2) HLZ, ngp=3 Ms

ADD Ggg emission, n=2 Mp

Z ADD QBH (jj), nep =6 Magn
2 ADD QBH (eu), nep =6 Mog
§ RS G(qd, 99), kiMn=0.1 Mo,
a RS Ggk(£2), k/Mp = 0.1 Mg,
g RS Gkk(yy), k/Mp = 0.1 Mg,
i RS QBH (j), nep =1 Mg
RS QBH (eu), nep=1 Mg
non-rotating BH, Mp =4 TeV, ngp = 6 Mgy
split-UED, u=4 TeV 1/R
(axial-)vector mediator (xx), 9q=0.25,gopm=1,my=1GeV M, 4

E (axial-)vector mediator (qq), 94 =0.25,gopm=1,my=1GeV M4
é scalar mediator (+t/tt), gq=1,g9om =1, m, =1 GeV Mimed
¥ pseudoscalar mediator (+t/tt), go=1,9om =1, my, =1 GeV Mimed
g scalar mediator (fermion portal), A, =1, m, =1 GeV M,
complex sc. med. (dark QCD), mp,, =5 GeV, CTx, =25 mm  pm,

o Type lll Seesaw, Be =B, =B: Msigma
§ string resonance Ms

Very Large Number of Searches
In large variety of topologies and models

Overview of CMS EXO results

mass scale [TeV]

CMS . 36 fb~! (13 TeV) B
1803.06292 (21£) 45 :
1806.00843 (2j) 2.7 ! 1
1802.01122 (ep) 4:4 1
1803.11132 ElzJ; ET'ss) glio:2 o 1 Section
1806.00843 (2j 3.3 _— rmi 1 / . .
—_— " Model spin | 1915'/0 lCIL lLlln""lt (lS'OI'Id'),Iﬂ1 f)’ ll)llSICIO\]/e'I'}'/ ([d'alsq) _ HL/HE-LH(
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1712.02345 ( = 1j + EP'sS) 1.8 I . $ = = Aiyh-A iy i \si=14TeV,L=3ab
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1901.01553 (0, 1£ + = 3j + EF's5) 0.29 ‘ Xiv:1812.07831
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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Example of ATLAS (same for CMS)

Many extensions of the Standard Model predict new particles that are
long lived heavy (neutral and charged) and can decay after several cm
or even meters.

ATLAS Long-lived Particle Searches* - 95% CL Exclusion
Status: March 2019

ATLAS Preliminary
[Ldt=(34-36.1)fb! Vs=8,13TeV

Model Signature  [Ldt [fb7] Lifetime limit Reference
RPV X‘I’ — eev/euv/upy  displaced lepton pair 20.3 ,\/‘1’ life;ime' ) E——— | S ) o 'm('g)':. ;.;'TeV. m(:(‘f)=.1.0'Te:Vl 1504.05162
GGM X? - 276G displaced vtx + jets 20.3 X(ll lifetime m(g)=11TeV. m(x?)= 1.0 TeV 1504.05162
GGM X? - ZG displaced dimuon 32.9 ,\r‘l’ lifetime 0.029-18.0 m m(g)=1.1TeV, m(y})= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 20.3 | x? lifetime  00854m SPS8 with A= 200 TeV 1409.5542
AMSB pp — xixV. v x;  disappearing track 20.3 Xf lifetime _ m(x;)= 450 GeV 1310.3675
§ AMSB pp — xixY x{x;  disappearing track 36.1 | xj lifetime 0.057-1.53 m m(xy)= 450 GeV 1712.02118
@ AvsE pp ¥ixlxix;  largepixeldE/dx  18.4  [x7 lifetime . 13190m m(x})= 450 GeV 1506.05332
Stealth SUSY 2 ID/MS vertices 19.5 | § lifetime oroeoem  m(2)= 500 Gev 1504.03634
Split SUSY large pixel dE/dx 36.1 g lifetime >09m m(g)= 1.8 TeV, m(x})= 100 GeV 1808.04095
Split SUSY displaced vix + E"* 328 | g lifetime 0.03-13.2m m()= 1.8 TeV, m(y?)= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +EM™  36.1 g lifetime 0.0-21m m(g)= 1.8 TeV, m(x})= 100 GeV | ATLAS-CONF-2018-003
H-ss low-EMF trk-less jets, MSvtx 36.1 | s lifetime 0.18-120.0 m m(s)= 25 GeV 1902.03094
R FRVZ H — 2yq + X 2 e p—jets 203  |[ANGHRE 0-3 mm m(y,)= 400 MeV 1511.05542
‘-I; FRVZ H - 2yy + X 2 e—, u—, n—jets 3.4 vd lifetime 0.022-1.113 m m(ya)= 400 MeV ATLAS-CONF-2016-042
§ FRVZH — 4yqy + X 2 e—, u—, m—jets 3.4 vd lifetime 0.038-1.63 m m(yq)= 400 MeV ATLAS-CONF-2016-042
§ H— Z4Z4 displaced dimuon 32.9 Z, lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— ZZ4 2 e, u + low-EMF trackless jet 36.1 Z4 lifetime 0.22-5.3 m m(Zy)= 10 GeV 1811.02542
VH with H — ss — bbbb 1 -2(+ multi-b-jets  36.1 [slifetime 0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
5 $(200 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.41-51.5m o x B=1pb, m(s)= 50 GeV 1902.03094
Y
§ $(600 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094
d(1TeV) —»ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m o xB=1pb, m(s)= 150 GeV 1902.03094
N HV Z'(1 TeV) - quqv 2 |D/MS vertices 20.3 | s lifetime o x B=1pb, m(s)= 50 GeV 1504.03634
§ HV Z'(2 TeV) - q,q, 2 ID/MS vertices 20.3 s lifetime o x B=1pb, m(s)= 50 GeV 1504.03634
1ol 1 r 1l PR R
0.01 0.1 1 10 100 cT [m]
r a3l v 0y el a1l v 0l vl
0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.

T [ns]

Difficult signatures requiring specific reconstruction and trigger!



Summary and Conclusions

- The LHC has successfully reached the energy and luminosity frontiers.

- Landmark results: the Higgs boson (Standard Model like) and So far nothing else! However

for most search analyses Run 2 data with only 35-80 fb~! have been published although an
already good number of full Run 2 Results have been presented at winter conferences.

- A vast program in precision Standard Model and Higgs measurements at LHC is being

developed, with a host of new ideas and large number of more precise predictions (where
precision is also key in direct searches).

- A milestone investigation of the HL-LHC (and HE-LHC) full potential has been done and
published for the European Strategy for Particle Physics.

- Only a milestone, but showed the remarkable number of opportunities for physics at the
LHC.
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Searches for LLP
Searches for Charginos
Tau to 3 muons
Tri-boson production

Electroweak ZZ production

HH to 4b resonances
Four tops

W mass measurements
DM searches in mono-top
VBS WZ production
EW boson scattering
Stop searches

VH(cc) at HL-LHC
Higgs to dimuon

Bs to dimuon

CP Analysis Prospects

Recent Physics Studies

ATL-PHYS-PUB-2018-033

ATL-PHYS-PUB-2018-031

ATL-PHYS-PUB-2018-032

ATL-PHYS-PUB-2018-030

ATL-PHYS-PUB-2018-029

ATL-PHYS-PUB-2018-028

ATL-PHYS-PUB-2018-027

ATL-PHYS-PUB-2018-026

ATL-PHYS-PUB-2018-024

ATL-PHYS-PUB-2018-023

ATL-PHYS-PUB-2018-022

ATL-PHYS-PUB-2018-021

ATL-PHYS-PUB-2018-016

ATL-PHYS-PUB-2018-006

ATL-PHYS-PUB-2018-005

ATL-PHYS-PUB-2019-008

Displaced track jets
Indirect Self coupling via ttH
SUSY direct stau

Invisible Higgs decays
Higgs boson properties
Same sign WW VBS
Scalar Leptoquarks

Dark photons

Mono-Z search for DM
Top FCNC

Di-Higgs resonance in VBF

CMS-PAS-FTR-18-018

CMS-PAS-FTR-18-020

CMS-PAS-FTR-18-010

CMS-PAS-FTR-18-016

CMS-PAS-FTR-18-011

CMS-PAS-FTR-18-005

|

CMS-PAS-FTR-18-008

CMS-PAS-FTR-18-002

CMS-PAS-FTR-18-007

CMS-PAS-FTR-18-004

CMS-PAS-FTR-18-003

Many more studies and notes to come for
the completion of the Yellow Reports.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-032/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-024/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-022/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-008/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-018/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-020/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-010/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-005/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-008/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-002/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-007/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-004/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-003/

Performance Achievements and Goals (l): Trigger

Run 1 Run 2 HL-LHC (ATLAS/CMS)
Single e (isolated) 25 27 22 /27
Single U (isolated) 25 27 20/18

Single photon 120 140 120"

Two photons 25,25 25,25 25, 25/22,16
Two taus 40,30 40,30 40,30 / 56,56
Four jets 45 45 45 /65

HT 700 700 375 /350
MET 150 200 200
Numbers from ATLAS (very similar in CMS) *ATLAS

- Thresholds approximately unchanged Run 1 to Run 2 (changes in total bandwidth and different
selection criteria, e.qg. isolation)

- Towards HL-LHC expect even improvements w.r.t. Run 2, key aspects:
- Increase readout rate 750-1000 kHz (currently 100 kHz)
- Increased latency
- Enhanced data processing capabilities, storage rate up to 10 kHz (currently 1-2 kHz)



Performance Achievements (ll): Object Reconstruction

1fb! (13 TeV)

Electrons, photons and muons > 12— g 2T
L . e c L CMs L P20 g s m g ¢ 2—ly Datal7 -
- Multivariate methods used for identification (at many levels) and 9 11 aomspmane hi<ae 15 T e i cev eZ-liMC 3
calibration o £ b Wl<137,152< In'l<237 E
- In-situ calibration using Z, W, J/Psi and Upsilons : S °'9_ﬁ-—©—"-6- E
g p 08%‘ .......................................................................................................... ..................................... - "§ 08: - m-._é-_g_—.—:g: -+—_<£
Jets/MET 07b " 15 oalE
L . . . Tl - MC S o7 —
- JES in situ uncertainty reach ~1% level already (central and intermediate 0.6 2 Unconverted y, FixedCutLoose -
pT range) — using Z, y and multi-jets. 0.5[ "°F Without bkg subtraction E
- PU mitigation using associated tracks (jets and soft term in MET) S 1% S
8 008 = ooib
Taus T o5 8 %9?33
- BDT based identification (70% eff. and ~50 rej.) Number of vertices
- In-situ calibration based on Z events
B-jets — 70—7..]_.]...1..]..,.].IA'?'(?%F.’b;”“]S.T?\/—) > 14— 7T
: : ' P : : > - - S - ATLAS Preliminary OS ey events -
- In-situ calibration of b-tag efficiency (using top events and/or diet events) 8 eor Preliminary | §§E EEE EE EESP.; S 12] \s=13TeV, 43 b7 tf-onriched sample -
- New Machine Learning Techniques bring non negligible improvements A S ¢oMCAKBPECHS 1 B | ;
\E/ 505_ # MC, AK8 PF SK _f % 1™ Jet %>25 G_el_’_ o -
§ OETTTTTTTTTTATAS Simdavn Preimnky 3§ L ATAS T Simdaton Praminary | 40 _._=°=$ - ‘g’ 0.8 -
é 103? ____________ ................ ________________ _________ —Mszu ________________ .......... = % :_D_ — t . - . - . R . .
2 - T WaWRm s 20 - S 0.4 Jet p>60 GeV B
N SS SS  T  T N - With PUPPI, jet massand MET 3 = ™°F :
- become more stable vs. pileup! ; 024 A—h—A—A A A——
A N R T ) T A I B IR S B - Jet p >100 GeV |
1O_E_Eﬂamvz _______________ e —— S = 0 5 10 15 20 o5 30 35 N T R P T B
§ - number of reconstructed vertices 0 10 20 30 40 50 60
R TR TR DU UV DUUUE JUUSE FOUE Py | Pileup (u)
s 3 E RS E
R E : 1%E =
g 1 SR - : ;
B R T Reconstruction performance so far robust to PU
055 06 065 0.7 075 08 085 09 095 1 0'6.55 06 065 07 075 08 085 09 0.95 1

b-jet efficiency b-jet efficiency



Performance Goals (lll): Experimental Aspects

- The target performance for the upgrades is to perform as well or better than the current experiment’s and

its reconstruction performance in the actual PU environment.
=
=

- The design of the upgrades which have had
to account not only for high PU constraints
but also very high radiation.

The design of the detectors needs to accommodate the
expected radiation damage (assume that the two inner layers
of the pixels will be replaceable)

- The gain in acceptance and in performance with new detectors
(to improve PU mitigation), new algorithms and new computing
capabilities is expected to match if not improve the current
experimental performance.

- Calibration accuracy will improve with additional data (see
previous slide)

Working assumption to extrapolate current analyses
(including estimate of the evolution of experimental
systematic uncertainties have been estimated).
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Modelling

- (TH - MC) Modelling uncertainties play a central role in
most analyses at the LHC.

- Even when these are not explicit e.g. sideband data
driven methods through MC closure.

- To fully profit from the TH progress not always

straightforward.:

- (Generation time (in some case can be longer than simulation).

- Impact of large/negative weights.

’WIZ total, H total, Harlander, Kilgore
| /H total, Anastasiou, Melnikov
|
' | H total, Ravindran, Smith, van Neerven
| | / /WH total, Brein, Djouadi, Harlander

sH diff., Anastasiou, Melnikov, Petriello
/

;W diff., Melnikov, Petriello

/ H diff., Anastasiou, Melnikov, Petriello

W/Z diff., Melnikov, Petriello

VBF total, Bolzoni, Maltoni, Moch, Zaro

WH diff., Fermrera, Grazzini, Tramontano

//

Y-Y, Catani et al.
Hj (partial), Boughezal et al.
ttbar total, Czakon, Fiedler, Mitov
Z-y, Grazzini, Kallweit, Rathlev, Torre
ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
ZZ, Cascioli it et al.
_~ZH diff., Ferrera, Grazzini, Tramontano

_— Hj, Boughezal et al.
" __—Wij, Boughezal, Focke, Liu, Petriello
~____—Hj, Boughezal et al.
_———\/BF diff., Cacciari et al.
-Z), Gehrmann-De Ridder et al.
—Z77Z, Grazzini, Kallweit, Rathlev
- __‘ ———Hij, Caola, Melnikov, Schulze
— — "-—--___—_:'_“‘—~ Zj, Boughezal et al.
~ T WH diff,, ZH diff,, Campbell, Ellis, Wiliams

~—y-y, Campbell, Eliis, Li, Williams

‘f
/ / H diff., Catani, Grazzinj / -
/ / ' T _ " _~WW, Gehrmann etal.
/ // / WIZ diy. Cata'y/ ~_~"_twardift,, Czakon, Fiedler, Mitov
d r«’ " " __—Z-y, W-y, Grazzini, Kallweit, Rathlev
p ~ ~

2002 2004 2006 2008 2010 2012 2014 2016 \\ ~__ W2, Grazzini, Kaliwei, Rathiev, Wiesemann

Gavin Salam 2017

\“~-~\.\_\\\\‘WW , Grazzini et al.
“~MCFM at NNLO, Boughezal et al.

pPiz. Gehrmann-De Ridder et al.
\ single top, Berger, Gao, C.-Yuan, Zhu
HH, de Florian et al.
\ ptH, Chen etal.
\ piz. Gehrmann-De Ridder et al.

il Currie, Glover, Pires
yX, Campbell, Ellis, Williams
“yj, Campbell, Ellis, Williams

- Outstanding collective success of all communities, making
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Production Cross Section

LHC a machine for Precision Physics!

March 2019

CMS Preliminary
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B @ 7 TeV CMS measurement (L<5.0 fb™)
@ 8 TeV CMS measurement (L<19.6 fb™)
- @ 13 TeV CMS measurement (L <137 fb™)
jeEsE) — Theory prediction
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All results at: http://cern.ch/go/pNj7
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PDFs

Rabah Abdul Khalek, Shaun Bailey, Jun Gao, Lucian

PDF uncertainties play a major role in the many Harland-Lang, and Juan Rojo

flagship analyses.

Projected forward W+charm data Projected invariant tt mass data

0il 6tota x100%

. ' gssooo g Lumi error = 1.5 % %‘ 10° . Lumi error = 1.5 %
One example is the measurement of the couplings of Zscocol 3
. ' !g 25000;_ o é 10 .
15000 F- - £ 1 e
= e O
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HL-LHC PDFs produced taking into account LHC cross sections
for top, DY, W+charm, photon and jet production, etc...



Example new ideas: Second Generation Yukawa Couplings through

* For Flavor diagonal Yukawa:

Charm in the proton

e Many new ideas to constrain charm and light yukawas: charm tagging, exclusive modes and width.

e |llustration: using PDFs in WH production with charge asymmetry.

flavour decomposition of W cross sections

100_ ) llllll El ) ) llllll

W)

+
o
|

+

% of total o (W

-
|

0.1

HL/HE-LHC

-

Inclusive A at NLO QCD

0.25
~ 3ab”!' HL-LHC
0.20r P }
| = ————— : |
£ - .
! down o
0.15- 10 ab~! HE-LHC strange
- Estimated 95% statistical uncertainty
0.10
charm
005
Direct Higgs width (CMS, Run ) -
().()() - 1 L 1 1 L 1 1 1 L 1 1 L 1 1 1 1
0.5 1.0 2.0 50 10.0 200
K¢
F. Yu

Excellent example of ratio where many TH
uncertainties will cancel, of course in this case
sensitive to PDFs.
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Data / prediction

Fiducial and Unfolded Differential Cross Sections

CMS 1812.06504
o CMS 35.9fb" (13 TeV)
E Ao(p: > 600) / 250
15.—{@% 34 4 Ao(p!'>200) /120
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~4 x SM
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STXS Combination - Channels

H—yy

H—ZZ"—4(

H— WW*

H— 1t

H — bb

ttH leptonic (3 categories)
ttH hadronic (4 categories)

ttH leptonic
tt H hadronic

ttH multilepton 1 € + 2 1j,,4

ttH multilepton 2 opposite-sign £
ttH multilepton 2 same-sign ¢ (categories for 0 or 1 7j,,4)
ttH multilepton 3 ¢ (categories for 0 or 1 73,,4)

ttH multilepton 4 ¢

ttH 1 ¢, boosted
ttH 1 ¢, resolved (11 categories)
ttH 2 ¢ (7 categories)

VH?2( VH leptonic 2¢(,75 < p¥ < 150 GeV, Njets = 2

VH 1€, p, Ef > 150 GeV 0-jet, p3 > 100 GeV 26,75 < pY. < 150 GeV, Nigts > 3

VH 1. py " <150 GeV 26, pY > 150 GeV, Nigs = 2

VH E“““ E"““ > 150 GeV 2 ¢, pJ > 150 GeV, Njers > 3

VH Emlss E.F“SS <150 GeV 1 (pT > 150 GeV, Njeis =

VH+VBF p1. > 200 GeV 1 ¢ pT > 150 GeV, Njets = 3

V H hadronic (2 categories) 2-jet, mjj < 120 GeV 0¢, p > 150 GeV, Njets = 2
0¢,pY > 150 GeV, Niets = 3

VBF, p?'j J > 25 GeV (2 categories)
VBEF, p WJ J <25 GeV (2 categories)

2-jet VBF, pJ. > 200 GeV
2-jet VBF, ]I!rl<200 GeV

2-jet VBF

VBF pi" > 140 GeV

(Thad Thad only)
VBF high-mjj
VBF low-m;;

2-jet, p%'y > 200 GeV

2-jet, 120 GeV < pX'<200 GeV
2-jet, 60 GeV < py” <120 GeV
2-jet, p%'y < 60 GeV

I-jet, p} > 200 GeV

I-jet, 120 GeV < pX'<200 GeV
I-jet, 60 GeV < p}” <120 GeV
1-jet, p%’y < 60 GeV

0-jet (2 categories)

1-jet, p‘{f > 120 GeV

I-jet, 60 GeV < p1f <120 GeV
I-jet, p7¢ < 60 GeV

0-jet, p4[ < 100 GeV

I-jet, mge < 30 GeV, p}. < 20 GeV

I-jet, mpp < 30 GeV, p.+
I-jet, mgp > 30 GeV, p

> 20 GeV
< 20 GeV

3
Py

I-jet, mgp > 30 GeV, p~ > 20 GeV

O-jet, myep < 30 GeV, p

2 <20 GeV

I

0-jet, mpp < 30 GeV, p~ > 20 GeV
0-jet, mge > 30 GeV, pT < 20 GeV
O-jet, mee 2 30 GeV, p7 > 20 GeV

Boosted, p7." > 140 GeV
Boosted, pi." < 140 GeV
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Outlook On Flavors
First and Second Generation Yukawa at HL-LHC

HL-LHC projection 3000 fb~?
1.7

global (95% CL)

First and Second generation Yukawas

direct search (95% CL)

1 kinematic (95% CL)
B width (off-shell, 68% cL)

_width (int., 95% cL)

- Extremely challenging at HL-LHC (most stringent constraint coming from
the couplings fit assuming no BSM width).

Bl cxclusive (95% CL)
3.0 x 103 - For the charm Yukawa then inclusive direct search still much better.

- Then sensitivity to coupling combination through width offshell.

10 . . . ‘g
1.4 x 10 - Exclusive searches still only marginally sensitive.

- New emerging ideas to be explored with such large datasets.

2.9 x 10°

100 100 102 10® 100 10° 106 107
projected coupling limit
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Double Higgs Production and Higgs Self Coupling

At HL-LHC: Direct search

At HE-LHC
- Analyses completely reappraised. - Several single channel TH studies, compared with on EXP extrapolation of
- More channels investigated in detail. bbyy and bbtautau studies - One experiment reach at HE-LHC of 40% and
20% respectively on each channel.
ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV) _ _ _ o
_ 12— . - Some TH extrapolations provided a much improved sensitivity in the baby
= [ SM HH significance: 4o L - 0 : e
c [ Combination channel (15%) using HH with jet.
ﬁ 10 ¢ 0.1<Kk1<2.3[95% CL] : B
©o[ | 05<rk<1.5[68% CL] by - Range of extrapolation then given between 10% and 20%.
99.4% CL 8 bbre
I "~ bbbb T 16F
°l = Z - /HE-LHC
i bbzZ* (4l c . F HL-LHC/HE-
- B @) o 14: ____HL-LHC combinec?
iy A ~ bbVV(vv) 12F NELHC combiiee
- T {s=27TeV, 15 ab’
R 10—
68% CL [ 8
e AR 61
K 45_
0.0 < k) < 1.5 2E
OL

- Not quite 5 s.d. observation of HH signal.
- significant exclusion of the secondary minimum.

- Closing up on a measurement, but not decisive. o _
I HP Question: precision on HH signal strengths bbyy (~15% - 7 s.d.) and

Huge progress made nevertheless! Probably still more bbtautau (~10% - 10 s.d.)
(though not completely obvious).



HH and Trilinear Coupling Summary

1

68%CL

[[0033 1383]] 95%CL 4 bbyy
[0.2,2.]1U[6.3,7.2] ]
[-0.4,8.2]
-0.5,5.8
{—1.5 77% 1 bbb %
[-1.2,7.4] ] Q
[-2.7,8.7] Q.
[-1.1,8.8] - (:é
[-2.5,10.2] -
%815 ;g% |I!|: 4 combination i:II
[-1.9,5.3] ]
[-4.1,14.] e
%i?l ,gg% 2“ /7; % 4 exclusive fit %
—2.,39] 4 7 / ) -
[[—5. 7. ]] /////A % % /////// ]
L
[0.8,1.2] m 41 combination %
(0.7 .1.3] g O
-
[[—Odﬁ,,12._62]] %ﬂ 1 exclusive fit = LIIJ
O
-0.4,2.4 / 7 T, 5 T
[[—2..3.9]] m /7 | g
~10 -5 0 10 15

Preliminary conclusion

- Indirect constraints are interesting but in a realistic fit,

the impact becomes very small relative to the direct
HH measurements.

- More work can be done to explore using different

production modes that can be very helpful in
constraining the trilinear coupling.

| | | | | B
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

MadGraphS5 aMC@NLO

- Most importantly, HE-LHC _/prowdes a strong case for
a first assessment of the Iéllggs trilinear coupling.



CMS 1809.05937

Comprehensive analysis of several channels and several datasets by
CMS, to give current level of sensitivity on invisible branching fraction.

Events / GeV

(Data-Pred.) Data / Pred.

q 5 5 q p X
7 A
-T- <
- X
q B B q9 < X
35.9 fo' (13 TeV)
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10°r CMS ~8— Data . Z(vv)+jets (QCD) 3
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102 3
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108 R8N, ... VBE H(125)~inv.  — — ggH(125)=inv.
1
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- Includes a mono-jet and mono-V hadronic boosted mode

VBF is the most sensitive channel

- Challenge is the estimate of the V-jets backgrounds: estimated

from control regions using W, Z and photon-jet events.

35.9 fb™' (13 TeV)
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Combined VBF-tag Z(IhH-tag  V(qq')H-tag ggH-tag

Br(H — inv.) < 0.19 (0.15) 95% C.L.

In combination with Run 1

Similar combined results obtained in an ATLAS:

Br(H — inv.) < 0.26 (0.17) 95% C.L.

ATLAS-CONF-2019-04
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ttH Invisible Search Invisible Higgs @ HL-LHC

Projection at HL-LHC in the VBF channel
(single experiment):

CMS-PAS-HIG-18-008
CMS ttH Invisible Search

Re-interpretation of stop search in strong production and in t-Neutralino

HL-LHC 14 TeV

decay iINnto ttH Invisible: S SO?ICII\IIISIF;h;sé-Izl T T T
t s — Simulation Preliminary
)]
< 250 o L, =300 fb" -
% - = L, =1000fb"
N HL 20 . L, =3000fb" —
j i
g
15

IIII

Complex analysis involving based on the three main channels OL, 1L and
2L and a large number of sub channels (to cover a large region of stop
phase space).

O
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oo b v b v b b Lo
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95% CL upper limit on o x B(H— inv)/c
2

] | _ semT(sTev) o 3597(13Tev) Minimum threshold on ET'*° (GeV)
N - — . g .
2 25 CMS Preliminary s ‘g’) of CMS Preliminary ‘ : CMS FTR 18-016
E - —®— Observed — - Ob d g
12 2'_ --o- Median expected B ci 8; — combined Exs:(r:\t/eed ',"' _:
EE I 68% expected s o, E B T in 1 3 . 8%
< . 95% expected J 61 ," .
1.5_ B 'l -
y— = - — 11 . . .
£ 1 : : Combination VH and VBF and consider ATLAS ~ CMS
q;é Al 4; ol -
o I 3f
;30

Br,., < 2.5% o

combed oL m T i T v e T R Still room for improvement but sensitivity
BR(H — inv) already slower than pure statistics 59




Measuring the Higgs boson Width at the LHC

CcMS 775" (13 TeV) CMS 77.5 " (13 TeV)
SR B L AL I L AL N
SM width (small i.e. potentially large relative variations - VBF-tagged $ Observed . | Untagged ¢ Observed
from BSM couplings) - Total (f,=0. T,=10MeV) - Total (f =0, ;=10 MeV) -
H 4 D 99—41 SM s+b+i B 40— l:l gg—4| SM s+b+i —
- f= ] Ew M s+bai c |l ] EW SM s+bsi
FSM — 4-07 1 ()o ].6 Mev f || qg—41bkg 8 LJ || ag—~41 bka.
_,g _ I z+x ..g : ] T z+x
) )
Width from Lineshape measurements : ‘ g@: : %
- Current constraints from the e B — , S
0 L 1 I = L IR IS > SN S R m— — S |
' i 400 600 800 1000 400 600 800 1000
measurement of the higgs line shape m, (GeV) m, (GeV)

from 4-leptons and diphoton channels:
Using ggF, VBF and VH production (and WW decays at Run 1)

I, < 1.10 GeV at 95% CL

(CMS-PAS-HIG-16-041 with 4] only and 36 fb-1)

hell
Hon shell

_ Assuming running of the SM running of the couplings and that
Offshell Higgs measurements

CMS 1901.00174

Parameter

Observed Expected
3.272510.08,9.16] 4.1121[0.0,13.7]

Study the 4-leptons spectrum in high mass regime
where the Higgs boson acts as propagator

e VAV AVAVAY = \ Impressively strong constraints with
Y V 3 still room for improvements with
higher statistics.
YA YA YA YA ————

aE? + (b+c)mE —aE? + (d — ¢)mE —(b+d)mE

Careful to systematics from ggZZ (including

Courtesy J. Campbell interference term).

Off Shell Higgs
@ HL-LHC

HL-LHC YR 1902.00134
Preliminary HL-LHC results with 3 ab-1:

3000 fb™ (13 TeV)
L T 11 | T T 71 I T 11 | 1T T 71 | T 171 I 1T 11 L
. CMS Projection

"5 — w/ YR18 syst. uncert. (f =0)

—4

w/ Run 2 syst. uncert. (fai=0)

-- w/ Stat. uncert. only (fai=0)

1.0

1 MeV

HL-LHC: Ty = 4.1

Also more ideas using diphoton
iInterferometry
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High Energy Probes
Vector Boson Scattering

EW Vector Boson Scattering process

Unambiguously observed by both ATLAS and CMS (at more than 50) in

the Same sign WW mode. Evidences in the WZ mode.

Longitudinal-Longitudinal Scattering at HL-LHC

Important additional check of the EWSB sector (could betray the
composite nature of the Higgs boson).

Suppressed from Higgs cancellation however with very large statistics
and polarisation sensitive variables, there is sensitivity to SM LL signal
almost 30 for CMS alone.

With ATLAS and more channels WZ and ZZ well above 3o

Longitudinal-Longitudinal Scattering at HE-LHC

Should be able to surpass the 50 threshold and reach a precision near

10%.
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|Ci| [TeV]
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Global EFT Fit (I): Partially Universal EFT fit

e SMEFT with dimension 6 operators in the Warsaw basis

 Reduction of the (2499 baryon number preserving dim-6

Wilson coefficients) using U(3) flavour for the 5 light fermion o L
fields (assuming U(3)° symmetry), reducing to 76 coefficient o L
among which 20 relevant for di-boson, EWK precision and ¢ H

Higgs physics.

Individual 95% CL sensitivity, WG2 projections (with STXS)

50

LHC (current)

HL-LHC (3ab™')
W HE-LHC (15ab")
- @ HL+HE-LHC (#5ab~ ")

C:l/d

|Ci| [TeV]

A/

100 ¢

10 -

0.1

e Inputs:

e Z pole (LEP, SLC) and WW (LEP)

HC Higgs signal strengths (in part VH).
HC WW (with pT>120 GeV)

iggs STXSs

Marginalised 95% CL sensitivity, WG2 projections (with STXS)

J—

—_—
—
—
J—

LHC (current)
HL-LHC (3ab™")

B HE-LHC (15ab™')

B HL+HE-LHC (15ab™ ")

Cyd
CI/(
D

S U QO ;3 © U, R a2 O
YR w = o 8 =
UQ?DQSQQ%TQDSQ

Only linear terms in
parametrisation taken into
account, fair approximation
(taking only SM-BSM
interference) for precise
measurements (BSM small) -
_ observables not growing with
i energy, less otherwise.

Due to opening of flat direction



Global EFT Fit (ll) for Universal New Physics

_ _ _ _ _ * Inputs:

e SMEFT with dimension 6 operators in the Warsaw basis e LHC Higgs signal strengths (in part VH).

(as well). » HH differential in baby

e /H in the high ZH mass regime

e Assuming universality, which results in a slightly simpler * WZ (better than WW)

model focussing on bosons and the following operators: * DY (high mass) See section 4 of YR

101,0uD,06,0ca, Op, Oww, Own, Our, Ouw, Oz, Oaw, Osyr, O, } Quadratic terms taken into
account where needed.
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for a BSM state with Higgs bosons in the final state.

BSM Higgs Searches

e Define "BSM Higgs searches"” as any search having as principal goal to search for the an extended Higgs sector (MSSM,
2HDM, NMSSM, Georgi-Machacek Triplets, additional singlets, etc...) not cases where the principal scope is a direct search

e Because of their coupling properties and backgrounds in hadron collisions, searches for additional Higgs boson are typically in
the intermediate mass range. Extension of mass reach is less spectacular than high mass strongly coupled states or additional

vector bosons.

H/A — 777~ expected exclusion (95% C.L.)

e -1 ATLAS3ab ' ®CMS 3ab!

- = ATLAS 36.1 fb~! [JHEP 01(2018)055]

+lo - = CMS 35.9 fb~! [JHEP 09(2018)007]
+20
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Extending the direct search coverage in the intermediate tan beta region and high
mass requires improving to-pair searches (taking into account the interference with
the continuum background), progress can be made, but no conclusive prospect
studies done so far.

For typical processes such ase.g. Pp — S — hh HE-LHC could extend the
mass reach by 1.5 to 2 times the HL-LHC reach.

HE-LHC with its much larger dataset will be important to cover rare modes (e.qg.
Higgs to axion-like particles or dark photons could probe branchings down to 10-8
- border-line BSM Higgs).

Most importantly, if hints/evidence for a new state are observed at HL-LHC, HE-
LHC could confirm/study it.



Searches for Natural SUSY

Searches

3d generation searches for stop and sbottom

Gluino and squarks searches

Searches for charginos and neutralinos “EW SUSY searches”

Compressed scenarios: search for low pT stuff (soft leptons — trigger strategy
is important, low pT b’s, etc...)

Searches for RPV Supersymmetric scenarios

General Strategy
Use simplified models to cover the widest possible variety of topologies.

Typically complex signatures without mass peaks, generally with a fair
amount of MET (but not always!).
Complex interpretation!

pMSSM Survey (Run 1 results)

Survey of the 19 MSSM parameters using existing constraints

- 300 k models investigated

- 30 G evts generated

- Signal contamination in background normalisation taken into
account
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Searches for Leptoquarks

Leptoquarks models with large couplings to the third generation fermions could accommodate the Lepton

Universality Anomalies in B decays Rp. and F

W ¢
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v t t
R PR 4 b e S
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0

«+ and the muon (g-2) anomaly.

HL-LHC projection (14 TeV)
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