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The Run 2 legacy

» | HC data collected during Run-2 (~140 fb' / exp.) are being analysed now
= Fantastic results have been already achieved, and more are in the pipeline:

= Broad and diverse research programme - data-driven times - experiments take the lead!

= Precise Higgs mass, cross-section and coupling measurements
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The Run 2 legacy

=» | HC data collected during Run-2 (-140 fb-!' / exp.) are being analysed now
= Fantastic results have been already achieved, and more are in the pipeline:

= Broad and diverse research programme - data-driven times - experiments take the lead

= rare decay searches, getting closer to di-Higgs production W:I---H
VH H - CC 359fb (13 TeV) ATLAS-CONF-2018-043 A :—::D . )IHHH
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The Run 2 legacy

=» | HC data collected during Run-2 (-140 fb-!' / exp.) are being analysed now

= Fantastic results have been already achieved, and more are in the pipeline:

(Data-Prediction)

= Broad and diverse research programme - data-driven times - experiments take the lead

= New physics searches continue to improve their sensitivity and probe new signatures
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The Run 2 legacy

» | HC data collected during Run-2 (~140 fb' / exp.) are being analysed now
= Fantastic results have been already achieved, and more are in the pipeline:

= Broad and diverse research programme - data-driven times - experiments take the lead

= New physics searches continue to improve their sensitivity and probe new signatures
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The Run 2 legacy

» | HC data collected during Run-2 (~140 fb' / exp.) are being analysed now
= Fantastic results have been already achieved, and more are in the pipeline:

= Broad and diverse research programme - data-driven times - experiments take the lead

= Synergies with other experiments being exploited: i.e. Dark Matter and Dark Sectors
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Thoroughly investigating the SM...

Standard Model Production Cross Section Measurements Status: July 2019

Probing over 14 orders of magnitude in
cross section, as well as regions of phase
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..and searching everywhere

Model-dependent searches as well
agnostic and signature-based

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2019 Vs =13 TeV
Model Signature  [Ldt (™ Mass limit Reference
—gt) Oep 2-6 jets E;‘ 36.1 1.55 m(¥})<100 GeV 1712.02332
" mono-jet  1-3jets  EMS 361 m(g)-m(¥})=5GeV 1711.03301
% & g-qat) Oep 2:6jets EP™ 361 z v 2.0 m(,fj.:kzao GeV 1712.02332
5 4 Forbidden 0.95-1.6 m(¥1)=900 GeV 1712.02332
% 2, 8-qa(COY] Ben 4jets 36.1 z 1.85 m(¥})<800 GeV 1706.03731
© ee.ppt 2jets  EPS 361 z 1.2 m(z)-m(¥)=50 GeV 1805.11381
§ Oep  7-1ljets EP™ 361 |& 18 m() <400 GeV 1708.02794
3 SSeu  6lets 139 | 1.15 m(g)-m(¥1)=200 GeV ATLAS-CONF-2019-015
= 0-1e.pu 3b EP™79.8 I3 225 m(¥})<200 GeV ATLAS-CONF-2018-041
SSe,u 6jets 139 I3 1.25 m(z)-m(¥})=300 GeV ATLAS-CONF-2019-015
Multiple 36.1 by Forbidden 0.9 m(¥})=300GeV, BR(bT})=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥})=300 GeV, BR(h{})=BR(iX})=0.5 1708.09266
Multiple 139 | b Forbidden 0.74 m(¥})=200 GeV, m(¥})=300 GeV, BR(:£})=1 ATLAS-CONF-2019-015
by, by b - bht] Oep 6b  EP™ 139 B Forbidden 0.23-1.35 Am(i,79)=130 GeV, m(¥{)=100 GeV SUSY-2018-31
g § B 0.23.0.48 Am(, ¥})=130 GeV, m(¥})=0 GeV SUSY-2018-31
§,§ i, iy Wb or 1¥) 0-2¢,u 0-2jets/1-2 b EP™ 361 i 1.0 m(¥))=1GeV 1506.08616, 1709.04183, 1711.11520
.8 nihowht Teu  Bjetsb EPS 139 | 0.44-0.59 m(¥})=400 Gev ATLAS-CONF-2019-017
ig iy, iy =%1by, 711G Trelept 2jetstb EPS 361 |7 1.16 m(F1)=800 GeV 180310178
P Oep 2¢  EP™ 361 |& 0.85 m(i})=0Gev 1805.01649
“@ i 0.46 m(fy &)-m( GeV 1805.01649
Oep mono-jet  EX 36,1 @ 0.43 (i, &)-m(t))=5 GeV 1711.03301
hb, h-i +h 12ep 4b EPs 36,1 A 0.32-0.88 m(¥})=0 GeV, m(i,)-m(¥})= 180 GeV 1706.03986
iaiy, =iy +Z Bep 1b Epis 139 A Forbidden 0.86 m(¥})=360GeV, m(i\)-m(¥})= 40 GeV ATLAS-CONF-2019-016
i viawz 28ep EPS 361 | dg % 06 m(i))=0 1403.5294, 1806.02293
ee, >1 EPS 139 X«%/}?, 0.205 m(Er)-m(t})=5 GeV ATLAS-CONF-2019-014
2epn Eps 139 | 0.42 m(i))=0 ATLAS-CONF-2019-008
0-1e,u 22y EPS 139 | ¥ /%) Forbidden 0.74 m(P})=70 GeV | ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ
=8 2epu Ep™ 139 i 1.0 m(Z,)=0.5(m(¥; }+m(E})) ATLAS-CONF-2019-008
w3 27 Eps 189 7 (L, FRUIN0A6:0:3] 0.12-0.39 m(¥)=0 ATLAS-CONF-2019-018
L rlLR, T 00 2ep Ojets  EM 139 |7 07 mE)=0 ATLAS-CONF-2019-008
2ep >1 EPS 139 7 0.256 m(f)-m(¥)=10 GeV ATLAS-CONF-2019-014
AA, A—hG|ZG Oep >3b  EP™ 361 it 0.13-0.23 0.29-0.88 BR(Y) — hG)=1 1806.04030
dep Ojets  EMs 361 | @ 0.3 BR(Y! — ZG)=1 1804.03602
B @ Direct ¥} ¥} prod., long-lived ¥} Disapp. trk 1 jet EPs 361 | 0.46 Pure Wino 1712.02118
23 % 015 Pure Higgsino ATL-PHYS-PUB-2017-019
g’E Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
S g‘ Metastable g R-hadron, §4bqqz\7? Multiple 36.1 m(¥})=100 GeV 1710.04901,1808.04095
LFV pp—¥: + X, r—eu/et/ut ep,eT T 3.2 0.11, A132/133/233=0.07 1607.08079
TEVT 1YY - wwzetttvy dep Ojets  EM 361 m(E)=100 GeV. 1804.03602
32, 2-qa%), ¥} > qqq 4-5large-R jets 36.1 Large 1), 1804.03568
E Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
O i, ik, ) - tbs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
hiy, fy—bs 2jets+2b 36.7 171007171
niiy, ii—qt 2ep 2bh 36.1 BR(i, —~be/bu)>20% 1710.05544
T oV 136 BR(7, —qu)=100%, cosf,=1 ATLAS-CONF-2019-006

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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as theory-
ones

Vector-like quark single production

1) x B(X — tW), RH
1q) x B(X — tW), LH
ta)x B(B — tW), RH
39) X B(B — tW), RH
bg) X B(B — tW), LH
ba) x B(B — bH), LH

Resonances to dibosons (s = 13 TeV)

B2G-18-006 03
B2G-18-002 [
B2G-17-005 1.4
B2G-16-029 2.7

B2G-17-018 50

B2G-17-004 43

B2G-17-006 7.0

B2G-17-002 9.4

W’ (all final states)

W' —WZ (qqqq)

W =WZ (qqw)

W —WZ (wvqg)

W= WZ (qa4)

W —WH (wbb)

W —WH (qgrr)

W’—WH (qgbb)

Z (all final states)

Z'~>WW (qqqd)

Z'—ZH (#ob + vvbb)

Z'—ZH (qabb)

Z’—ZH (qgrr)

HVT (all final states)
HVT->WW+WZ (q3qq)
HVT—WH-+ZH (qbb)
HVT—»WH+ZH (¢b+abb-+vvbb)
HVT—WH+ZH (qgtt)

Bulk Graviton k=0.5 (all final states)
Bulk G=WW+ZZ (qqqq)

Bulk G-WW (vqa)

Bulk G—=ZZ (qqw)

Bulk G—ZZ (qa4)

Bulk G—ZZ (#w)

Bulk G—HH (bbbb)

Radion (As = 3 TeV)~HH (bbbb)
Radion (A = 3 TeV)—HH (nvqGbb)

model B

B2G-18-006 0.6
B2G-18-002 0.4
B2G-17-004 6.0

B2G-17-002 6.8

B2G-17-006 25.0

B2G-18-006 03
B2G-18-002 0.6
B2G-17-002
B2G-17-004 5.1

B2G-17-006 7.0

B2G-18-006 20
B2G-18-002 0.5
B2G-16-029 05
B2G-17-005 0.5
B2G-17-013 15
B2G-16-023 4.0

B2G-16-026 4.4

B2G-16-026 4.4

20.0

1.5 3 4.5 6

95% CL Lower Mass Limit [TeV]
(Upper Cross Section Limit [fb])

B2G-18-008

CMS, EPS-HEP 2019

VLQ

Vector-like quark pair production

X513 tW(LH)

X513 — tW(RH)

YY, B(Y — bW) = 100%
BB doublet

B8 singlet

BB, B(B — bH) = 100%
BB, B(B — bZ) = 100%
B8, B(B - tW) = 100%

21701

Vs =13 TeV

52618005

CELCEL AU I— L T doutlet
Ho)xBEB —bZ) LH [ ] seenr T singlet
Tiq) x B(T — 12), RH | TT, B(T — tH) = 100%
Tba) X B(T — t2), LH | TT, B(T — 12) = 100%
Itq) x B(T — tH), RH ] s2c-15.008 TT, B(T — bW) = 100%
b x BT  tH), LH QQ doublet a0 Vs =13 TeV
5q) X B(T — bW), LH E QQ singlet e ]
m QQ, B(Q - gH) = 100% B2G 2016
Rl — | fe=8Tev O
QQ, B(@ — q2) = 100% Bazon
o(Qq) xB(Q - 42) acrzoe
QQ, B(Q - qW) = 100% [ ]
0(Qq) xB(Q — qW) a0t
X 02 04 06 08 10 12 14 16
[ 041 02 03 04 05 06 07 08 09 ©MS, EPS-HEP 2019 95% CL Lower Mass Limits (TeV)
IS, EPS-HEP 2019 95% CL Upper Cross Section Limits (pb)
CMS preliminary 3-137fb~1 (8, 13 TeV)
RPV UDD, g-tbs, m; = 2200 GeV g 11808.03078 (Disp. vertices) ~ 0.0006-0.08 m 38 b7 (13 Tev)
RPV UDD, §+tbs, m; = 2200 GeV g 181107991 (Displaced dijet)  0.0025-12m 36 b7 (13 Tev)
RPV UDD, £+dd, m; = 1300 GeV £ [180B:03078 (Displaced vertices) " 0.0004=0-1m 38 b1 (13 Tev)
RPV UDD, £+dd, m; = 1300 GeV 3 11811.07991 (Displaced dijet)  0.0014-155m 36 b~ (13 TeV)
RPY LQD, b1, ;= 600 Gev ¢| < issososzuzjets  <oosm 36 o1 (13 TeV)
RPV LQD, F-b, me =600 Gev ; CMS-PAS EXO-16-022 (Disp. e+disp. ) 0.0005-0.4m 3 (13 TeV)
RPV LQD, E-+bl, m; = 1300 GeV 3 11811.07991 (D. dijet) 0.0045-0.2m 36 b1 (13 TeV)
GMSB, g6, m; =2100 GeV g 1811.07991 (Displaced dijet) ~ 0.0041-0.81 m 36 fo~! (13 Tev)
GMSB, g6, m; =2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34 m 137 fb! (13 TeV)
Split SUSY, G-qdx?, m; = 1300 GeV g 1802.02110 (Jets + MET) i <lm 36 fb~! (13 TeV)
Split SUSY (HSCP), f3o = 0.1, m; = 1600 GeV. g CMS-PAS-EX0-16-036 (dE/dx) i S07m > (13 b (13 Tev)
Ho 0,u>0,m=247GeV CMS-PAS-EXO-16-036 (dE/dx + TOF) i S75m » (137! (13 Tev)
@& Stopped £, E+tx?, mi =700 GeV 3 180100359 (Delayed jet) | 60=15e+13m » |39 fb~! (13 Tev)
Stopped 6, §-qax}. f5=0.1,m;=1300GeV g 1801.00359 (Delayed jet)  50-3e+13m 39fb71 (13 Tev)
~qax3 (uux?), fzg=0.1, m =940 GeV ¢ 1801.00359 (Delayed pp) 600-3.3e+12 m 39 fb~! (13 Tev)
AMSB, x* oxdn*, my- =505 GeV + 1804.07321 (Disappearing track) 0.15-18 m 38 fb~! (13 TeV)
‘GMSB SPS8, X?*Vé, mys =400 GeV' Xg CMS-PAS-EX0-19-005 (Delayed y(y)) 0.2-6m 77 fb7 (13 TeV)
L | HoXX(10%), X-ee, my =125 GeV, mx =20 GeV  x | [1411:6977 (Displaced ee) I ! 0.00012-25 m 20 b1 (8 Tev)
£ HoXX(10%), Xy, myy =125 GeV, my =20 GeV  x | [1411:6977 (Displaced i) i i ] 0.00012-100 m 20 fo™ (8 Tev)
8 dark QCD, my, = 5 GeV, my,, = 1200 GeV. Xox 1810.10069 (Emerging jet +jet) 0.0022-0.3 m 16 fb! (13 TeV)
1074 1073 1072 107t 10° 10t 102 10°
ct [m]
July 2019

). The y-axis tick labels indicate the studied long-lived particle.



A long and bright future: the road for the HL-LHC

LHC / HL-LH
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Short-term future: Run 3

= First round of upgrades for ATLAS and CMS detectors being finalized

Phase-1 upgrades of CMS Phase-1 upgrades of ATLAS

« Calorimeter (HCAL barrel): installation « Trigger DAQ upgrade: L1 Calo, L1
of new readout system Muon, High Level Trigger, readout

« Tracker (Pixel detector): replacement * New Small Muon Wheels

of layer 1 and DCDC converters . Forward detector system B S

eFEX in September 2019

/"cx
:/"*a
/’_'#Bx

_— R U

e
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Short-term future: Run 3

= Run 3 provides the opportunity to implement novel trigger and new analysis
methods and approaches (e.g. machine learning)

= Unprecedented accuracy and search reach.

= A couple of examples TS
=-10,45=2
Axion-like scalar particles

Additional scalar particles below the higgs mass

. . ) TR Huge hole between
Looking at h - yy with m(yy) < 65 GeV iy 10-50 GeV
bounds from ' '_
h — aa &N

3 10 N 30A100 ,360.A.A.i03

fa [TeV]
&

Major limitation in trigger, plans to lower
thresholds and improve triggers at L1 Flavor LHC diphoton, diet...)

~1GeV M. 50GeV

https://arxiv.org/abs/1710.01743
11 Monica D'Onofrio, UK loP HEP Meeting pS.farxiv.orgrabs 24/9/19




Short-term future: Run 3

= Run 3 provides the opportunity to implement novel trigger and new analysis
methods and approaches (e.g. machine learning)

= Unprecedented accuracy and search reach.
High pT muon

= A couple of examples

Area of interest

Displaced vertex at Trigger level

New particles might be long-lived (from SUSY to heavy

Majorana neutrinos... a wide area not yet fully covered) . PV

Beam axis

Use L1 object to identify the Primary Vertex and area I*
of interest W

OR v

Lot of room to try new
approaches and ideas

Improve selection at trigger level associating displaced
leptons or tracks to standard object

12 Monica D'Onofrio, UK loP HEP Meeting 24/9/19




Medium-long term: Run 4, better known as HL-LHC

= Major upgrades for ATLAS and CMS detectors expected and in track

Phase-2 upgrades of CMS

Many new & Phase-2 upgrade
Innovative elements! starts now!

Taken from
W. Adam: Highlights from the CMS experiment

13 Monica D'Onofrio, UK loP HEP Meeting 24/9/19




Medium-long term: Run 4, better known as HL-LHC

= Major upgrades for ATLAS and CMS detectors expected and in track
New Inner Tracking detector (ITK)

Phase-2 upgrades of ATLAS

Strips and pixels
Upgraded Muon system 4
N " P L v Detector _ch;n};ucteristics
2N : f o s Muon Detectors Electromagnetic Calorimeters 5? Width:©  44m
L = ' S - ot Diameter: 22m
« 7000t

- \ .\\ Forward Calorimeters

TDAQ Upgrade
and more

Hadronic Calorimeters

14 Monica D'Onofrio, UK loP HEP Meeting
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The HL-LHC potential

= The physics potential of the HL-LHC and a possible HE upgrade has been studied in detail for the
uropean Strategy. Open symposium in Granada - May 2019

= Prospects were presented in all areas:

= 5 Working Groups (SM, Higgs, BSM, Flavour, Heavy
lon): ATLAS, CMS, LHCb, ALICE exp. and theorists
worked to enrich and consolidate the HL physics
program: precision, exploration potential and breadt

= Prospects for a 27 TeV HE-LHC are also studied

= Five dedicated reports and two executive summaries
for HL and HE have been released in December ‘’18
and updated in February ‘19 - over 1000 pages of
documents!

= See also: HLHELHCWorkshop
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ABSTRACT
“This document presents the executive summary of the findings of the Workshop on "The physics of HL-LHG, and perspectives.
on HE-LHC, which has run for over a year since its kick-off meeting on 30 October — 1 November 2017. We discuss here the
HLLHC physics programme. As approved foday, tis covers a) pp collsions at 14 T\ with an integrated luminosity of 3ab- !
each for ATLAS and GMS, and 50fb-! for LHCb, and (1) Pb~Pb and p-Pb collisions with integrated luminosities of 13nb-!
and 500", respectively. In view of possible further upgrades of LHCD and of the ions programme, the WG reports assume
| of imcoly dlverd 10 an Upgrad of LHCb, 1208 oftgrated uminaly o p-Pb collsons,and theskion
of collsions wilh other nuclear species. A separete submission covers the HE-LHC re
rd e (G, Higg” WG2), Beyond o Sarcars
Moder” (WG3), Flavour” (G4) and “QCD mater a igh densty” (WGS). Thel reports, extending ths execuiive summary
with more resuts and detalls, are available on the CERN Document Server [1-5, and will appear on anXiv. The WG results
include both studios ¥ the anicipatod the LHC d
HL-LHC conditions. These latter studies implement the knowledge acquired during the preparation of the technical design
reports or the upgraded detectors, and reflect the experience gained by the experiments during the first two runs of the LHC.
The documents describing n fulldetail the HL-LHC studies performed by the oxperiments can be found in f. 6] (available in
early 2019) and n Rel. 7]
Three gosls havebeen sai o the Workahop )t Ut and extnd e prjecansfor the precisionandreschof the
HLL i) to highiight overy of d the
(BSM),inview of the serlopene
el xtonions of e appoved HL-LHG pregrarme. partoiary n e tea of fvout. n e searchfor sloeive B
phenomena, and in the study of QCD matter at high densiy. In adition to enriching and consolidating the physics plans for
HL-LHG, and highighting the significant advances that the full HL-LHG programme wil bring relatve to today's landscape, this
Gontribution to the European Strategy for Particle Physics Updato process is nfonded to help put n parspective the physics
potentialof future projects beyond HL-LHC.
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ABSTRACT

‘This document summarizes the physics potentialof the High-Energy LHC (HE-LHC), under consideration as a possible future
project at CERN. The HE-LHC is a 27 TeV pp collider, to be nstalled in the LHC tunnel, relying on the 16 T magnet technology
being developed for the 100 TeV Future Circular Golider (FCG-hh). The HE-LHC is designed to deliver 10-15abof integrated
luminosity to two general purpose detectors, during 20 years of operation. As for the LHC, the facilty could host a dedicated
focused on elivering 3ab an upgraded LHCb detector, and would
continue the programme of heavy ion collsions. The results presented here were obtained in the context of the Workshop on
“The physics of HL-LHC, and perspectives on HE-LHC', which ran for over a year after its kick-off mesting on 30 October 1
Noverber 2017. These studi focused on f the project,
performed in the context of the FCG conceptual design report (CDR) for the HE-LHC, and documented elsewhere [1].

appear on arXiv. The documents describing in ful detail the HL-LHC and HE-LHC studies performed by the ATLAS and CMS
Collaborations can be found in Rel. 7] (available in early 2019).
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop

Analyses strategies

= Different approaches have been used by experiments and in theoretical prospects
= Extrapolations of existing results using simple scale factors on individual processes
= Fast-simulations, e.g. using DELPHES (CMS, theorists) and common HL-LHC cards

= Parametric-simulations, using particle-level definitions for the main objects and taking into account the
pile-up conditions, effects of an upgraded detector taken into account by applying smearing functions.

= Systematic uncertainties are based on existing data analyses and estimated using common guidelines for
projecting the expected improvements foreseen thanks to large dataset and upgraded detectors

= intrinsic statistical uncertainty is reduced by a factor 1//L Dijet production @ HL-LHC Vs=14 TeV
= Theoretical uncertainties are halved or divided by 4; PDF reduced up to 20-50% B eoFac1s | ]
= Detector-related uncertainties (JES, JER, b-tagging, e/y/w/t ID) are ~ halved s 1of] 528 + HLALHC (scen A) E
2 H &% +HL-LHC (scen O) ]
0w 2 "Drojecionomfnddam | ATLAS Preliminary] & | arLAs Smuiaton PR .
S = [ anti-k, R = 0.4, EM+JES ] ® [ (s=t4TeV th<p>=200 S 1.0sf
d’ g 0'08__11:0'0 [J HL-LHC uncertainty, optimistic ] .“‘Il 1045 MV2 — 1<ini<2 ..g ;
g S E Run 2 unc'ertéinty i = ;\ :2:lnl:3 = 1:
g @ 0.06_— élg?lgézgosslitt?ofaclusivejets ] o \1..\ ..... i:;l_; g 095:
© o Flav. response, inclusive jets - E_ & \ oy Run2(ini<2.5 B
> § k " s ] 2 N ] .
3-; 8 0045\ N i ~2 ﬂ\s % :
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Higgs physics

Question Kv Kz Kg Ky Awkh Ohz BRiny BRuna K¢ pay BRry g
Is h Alone? + + + + + +
Is h elementary? | + + + + +
Why m; < mp,? |+ + + - + +
1st order EWPT? + + + + —
CPV? +(CP)
Light singlets? + + 4+ + +

Flavor puzzles?

- -

+

B. Heinemann (Granada’19)

Many problems of particle
physics today relate to
Higgs observables



Higgs physics: properties

= The exploration of the Higgs sector includes precision measurements, as well as searches for
rare production and decay processes:

= All production modes/decays including rare ones such as h > ptu~and h 2> Zy will be observable at HL

» Rate measurements show that percent level precision can be reached for most couplings

= With minimal assumptions, the total width I'; will be constrained with a 5% precision and an upper limit on the
Higgs invisible BR of 2.5% will be reached.

(s =14 TeV, 3000 fb™" per experiment

[ | Total

(eg) ATL-PHYS-PUB-2018-054 ATLAS and CMS
L L L I I I I I _EtatISt'lcaltl HL-LHC Projection
.. — EXperimenta
ATLAS Preliminary Total Fe{ Stat. Syst. [ Thzory
I:_rolectlon from Run % data Uncertainty [%]
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ggF fed +0.024 (+0.008 +0.022) Oggh & 25 13 17 11
. 77 =7
: (0) = 25 16 16 1.2
VBF o +0.042 ( % 0.020 + 0.036 ) ggH =1
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OggH E 45 23 26 28
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= )
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1 | 1 1 1 | 1 1 1 l 1 1 | I 1 1 | | 1 1 1 I 1 1 1 | 1 1 1 ZY j j
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Higgs physics: properties

= The exploration of the Higgs sector includes precision measurements, as well as searches for
rare production and decay processes:
» All production modes/decays including rare ones such as h > ptu~and h > Zy will be observable at HL
= Rate measurements show that percent level precision can be reached for most couplings

= With minimal assumptions, the total width I'; will be constrained with a 5% precision and an upper limit on the
Higgs invisible BR of 2.5% will be reached.

> T T T T T T i . . .
b [ aTLAS Proliminary ] also differential cross sections!
— T Z £ Projection from Run 2 data z.* 3
| | | | | | | | 5 E < Pt . .
ATLAS Prelminary 1o ted  Stat Syst. 1 s b V5=14TeV,3000 b & expected p+ differential ttH + tH o, h->vyy
Projection from Run 2 data ' < 0T T SM Higgs boson = , , o P
Vs = 14 TeV, 3000 fb” Total  Stat  Syst & 3 CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)
: B 1 <
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= o 3 = . .
BRH E o 3 g8 102 |— | Hadronic categories only
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BR 4 0.044 (+0.010 + 0.04 -l - = T Expectation k, = 10
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Higgs physics: properties

= The exploration of the Higgs sector includes precision measurements, as well as searches for
rare production and decay processes:

» All production modes/decays including rare ones such as h 2> ufu~and h > Zy will be observable at HL
®» Rate measurements show that percent level precision can be reached for most couplings

= With minimal assumptions, the total width I'; will be constrained with a 5% precision and an upper limit on the
Higgs invisible BR of 2.5% will be reached.

HL-LHC 14 TeV
T

won'wateyy  Higgs invisible in 2 O cusenases T
SM prediction of I~ 4 MeV oMS Froecton | VBF, Mi>2500 GeV Fagl ]
Off-shell methods used by [ — w/ YR18 syst. uncert. 1,0 7 e
ATLAS and CMS (H->4l, ggF, © - w/Run 2 syst. uncert. (7 =0) ATLAS+CMS, 2o§ . L, =3000fb" f
VBF and VH productions) L w/ Stat. uncert. only (f,=0) i VBF and VH o ]

O
Combination of the results:

(6))
\\‘\\\\\\\

FH= 4.1 +0.7 -0.8 MEV

:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\7
0""350 200 250 300 350 400
Minimum threshold on ET** (GeV)

95% CL upper limit on o x B(H— inv)/c
2

I'y (MeV)

) HL-LHC

(mass unc. foreseen to be reduced to 10-20 MeV) ('LLVBF,VH - BRiyy < 2.5%
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Higgs physics: di-higgs

= goF HH-> 4b / bbtt / bbyy with detailed analysis of systematic uncertainties impact

= Assuming SM nggs self- couplmg \: observation sensitivity of 3 s.d. per exp., 4 s.d. combined

2 1_. LI s S S s B | ] Q_o A L L L L B B

r ATLAS Prellmlnary ] B = Current'sylstematlc un.certamtles : IlkeIIhOOd proflle as a functlon Of K}\
Projection from Run 2 data I e LU MC statistical uncertainty neglected
Vs =14 TeV i 1 E = Baseline . . E
HH—>bbbb i n = No systematic uncertainties ] ATLAS and CMS HL—LHC prOSpeCtS 3 ab-1 (1 4 TeV)
L [ g s =] 12 r -
................................................................... 1o —~ B . .
B ] | . . )
L ) R RS 3 \C/ : SM HH Slgnlflcance. 40 — Combination
”””””””””””””””””””””””””””””””””””””””””””””””””” i 1 910k 0.1 <k1<2.3[95% CL] : 3
o T Nosemsurceranes ATLAS Praiminary ST 1 T 0.5 < K2 < 1.5 [68% CL] : ~-=- bbyy
L - 2016 analysis systematic uncertainties 10*2 = Projection from Run 2 data — B :
P R N N B B é\/—14TeVHH—>bbtt 8__ bB‘C‘C
500 1000 1500 2000 ?509 iOOO 0 - 500 ‘ 1000 1500 2000 2500 3000 994%CL “L__+ o\ _________
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© 8: I L L A I ] 6 _
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% C Simulation and Projections from Run 2 data ] |
o - Vs = 14 TeV, 3000 fb' E % CL 4" - bh'
'“é_’ 6; Systematic uncertainties included ] 95% CL 4 R _‘\‘_ -y bbVV(Iviv)
- S N m-ggm --------------------------------------------------------- E [
- —- bbyy - Y
4 I b — . 2 [
NN ~ Compinaton /' /" /' E 68% CL b s A\ e
E E 0 _I Ll I~I~I:LT-'L‘.? LA 4-1-1-1'1:':-I-I-I-|-I-I-I-I'l'l'l‘l-|-I-l.IJJJ.I-l“'l
2 — -2 -1 0 1 2 3 4 5 6 7 8
1= = K2
:_ L ) i | R . L L m . . . A o
T R— 5 : : : The secondary minimum can be excluded at 99.4% CL, with a
| o o c 0
ATL-PHYS-PUB-2018-053 K, constraint on the Higgs self-coupling of 0.5 < ka< 1.5 at the 68% CL.
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Higgs physics: portals to NP

HL-LHC will enhance the sensitivity to BSM physics. For example:

Minimal Higgs - Dark Matter portal models NS 3) (art ¢ s b
ARNCEN 20 R L CRASRNT 5% UL
— AP » 1 (NN ’ 1
LD —%)\hSSHTHSQ (scalar DM) or SENCUSNT [20 ) 1 C1 ) OMCWNT (W
" R CIINS SSOLAR J% CL
LD +i)\hvaTHVMV” (vector DM) or 10" : -
' .- ! il -
LD —iAh%HTH)ZX (fermion DM), : 3 : .
-t 4
Scalar or Vector quartic interaction of the SM & 10 )
Higgs doublet field H with the DM field g 10 «
: 10 ‘
;—' 10 :
- Higgs invisible constraints can be © 10 <
translated in terms of upper limits 10 1
on A = related to oppm-nucteon 10 «
l'.' )

0.3 1 10 100
. . o . Mpy [GeV]
[constraints on other models e.g. with additional heavy scalars also studied]
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SM measurements and top
physics
HL-LHC will be critical to reduce systematics or bypass their

limitations with new analyses, lead to measurements of
unanticipated precision and give access to rare phenomena

Some examples in the following




Multi-boson production (@ HL-LHC

1902.04070
. me-sign
= Prospects for same-sign WW cus Sas,nesgm%vymw wW,
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° o =, r at. + exp. syst + 30% theo. sys a E at. + exp. syst + 30% theo. syst
2 ~ at. + exp. syst + 10% theo. syst  —] = E at. + exp. syst + 10% theo. sysf 3
= Excellent prospects for multiboson productions g o i S o il
% 0'05; — Stat. + exp. syst = g 0-05? —— Stat. + exp. syst 7;
. . . . & 0.04] Stat. only 3 i 00aE- Stat. only 3
= |nteresting differential cross section measurements Lol T4 ERN e il E
(@] = E e 3

. . 0-02; —|_ é 0.02
= Results can be used to constrain anomalous couplings oot —|_‘|‘ TR oo T JrJr++ T £
P S I R R M P AR T T T TP i o e = R
Process W=W= WzZ WV 77 WWW WWZ WZZ o e B I A I I B
Final state 005 347 i 443 303v 402v  5lv I | g
Precision 6% 6% 65% 1040% | 11% 27% 36% = == S P T N R & I oy ey SR
Signiﬁcance > 56 > 56 > 56 > 56 > 56 306 306 : To‘oo 1500 2000 2500 3(;00 10:0 500 g)o 400800 600 700 800 900 1(§oo

m; [GeV] m,, [GeV]
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https://arxiv.org/pdf/1902.04070.pdf

W and top mass precision measurements

= W mass precision measurement uses dedicated dataset at low <mu>

- exploit the extended leptonic coverage % 18f—‘v‘{i‘}iTéé‘v,“iﬂ‘f’lire””“”ar;Sm_@PDFEOO ] B
E 16 -my fromm; &pl, | <4 ] stat. ® PDF 1 o E E
Measurement parameters Uncertainty in my, [MeV] < 4E B FoF 1z
Vs [TeV]  n, range Scenario 1 Scenario 2 Scenario 3 12 F 4 @
14 7] < 2.4 11.1 (9.9 ® 5.0) 115 (10.0 © 5.8) 115 (10.0 @ 5.7) 10F R
14 ne| < 4 9.1 (85@®3.2)  93(86@®37)  92(86a3.2) 8F 13
6F - g
Amuw = 6 MeV (with reduced PDF unc from HL LHC) 4 18

2F 7

Am,, = +2 MeV (with improved PDF from LHeC) o
CT10 CT14 MMHT2014 HL-LHC LHeC
. . . < 190 2 B
= Precision better than 5 - 107> for sin?0 g |mememen
= Top mass precision measurement E [ rimon
= Several methods compared 8o
Method: tt lepton+jets  t-channel single top mgyy J/Wy  O;f EW fits:
Amy,, (GeV): 0.17 0.45 0.62 0.50 1.2 ETT T/ i R
170 - :
Progress on Am; will be driven by future theoretical developments ﬁ B 3
- ‘80.3‘ - «“30.35‘ | ““80.4‘ - 50.45
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Rare top processes and FCNC

= Prospects for measurements of rare top processes

(1) tttt (4 tops): also a probe for new physics

& 10 ATLAS Simulation Preliminary
Is =14 TeV, 3000

T
M i
v
l:l fake
| kgl

7 Uncertainty

(2) tty: fiducial differential cross
section measurements

@ 025 T LIJ'l
K2 23_ATLAS Simulation Preliminary Normalised cross-section § —
2 Fis=14TeV,3ab" Single lepton ] ()
‘5 0.15F E Q
£k Stat. Stat. ® Syst. ] of
8 o1 4
S 0 o5t =
o] E- _ (@)
[ —
QS === — D
S Eall =
©.0.05 = e e e e e 3 ~
w F ] (o))
0.1 — — o
E Signal modelling — tt modelling 3 :
-0.15 = Exp. systematics ===~ Other bkg. modelling = r_-r_
_02:...I....I.\.\I..|.I....I....\.\..I....I....I....- D
’ 100 200 300 400 500 600 700 800 900 1000 (pn

p,(1) [GeV]

Process HL-LHC

tt 3 x 10°
tt (py° > 2 TeV) 3 x 102
f-channel 8 x 108
Wt 2 x 108
s-channel 3 x 107
tqZ 3% 10°
{tW 2 x 10°
ttZ 3% 10°
ttH 2 x 10°
tH 3% 10°
tttt 5% 10%

= Flavor changing neutral currents are forbidden at tree level, and strongly suppressed by GIM
mechanism - SM predicts O(10-12 - 10-1¢), BSM extensions allow significant enhancements

= Anomalous couplings:

= top-g/y/Z/H

26
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Beyond Standard Model

What’s the origin of Dark matter / energy?

What’s the origin of baryon asymmetry in the universe?
What’s the origin of neutrino masses?

What’s the origin of EW symmetry breaking?

What’s the origin of the flavour structure of the SM?
What’s the solution to the hierarchy problem?

Everything is a BSM search in the end ....




Searching for new physics: what

Standard Model of Elementary Particles

three generations of matter
(fermions)

| I [ Non minimal Higgs sector

ass [=2.4 MeV/c? =1.275 GeV/c? =172.44 GeV/c? 0 ) =125.09 GeV/c?
- @ W @ @ + Exotics / Rare / Invisible decays
_up J| charm J{__top gluon Higgs » Higgs as portal to DM
ane ) (remaic ) (siscae ) i ) . Extended: Two-Higgs-Doublet-
@I - @
domn || stange 1| bottom || shoton — Models, MSSM, NMSSM and more
| i | + Charged Scalars
=0.511 MeV/c? =105.67 MeV/c? =1.7768 GeV/c? 291.19 GeV/c? . .
- @I @I- @I @ |2 + Composite Higgs
electron J muon L tau u Z boson 8
2 <2.2eV/c? <1.7 MeV/c? <15.5 MeV/c? =80.39 GeV/c* A 8
E ?/z Vs, (1)/2 V& (1)/2 V} jl ‘ §
electron muon tau W boson | = . .
AES jjt jJt O \ “Exotics”: referred to a large variety
of theories and models
+ Heavy vector bosons, vector-like
SUSY, SUSY-inspired quarks, excited quarks, non-SUSY Dark-
+ many variants and kind (MSSM, NMSSM, R- Matter.models, lepto-quarks,
parity conservation or violation..) dark/hidden sectors and more
+ mostly heavy super-partners, prompt or + The unknown!

long-lived, several Higgs bosons
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SUSY: strong production

= Top squarks might have a prominent role for regularization of the higgs mass

TT=>tt %, %, - 0 lepton final state CMS Phase-2 Projection 3 ab™ (14 TeV)
= Analyses for large and o e e — 1200 / =
8 1400~ ATLAS 95% CL exclusion, o, = 15% | :% ---Run 2 limit @ 35.9 6" pp — T, 1’ =10° o
1 4 = C  Simulation Preliminary ------ 95% CL exclusion, o, =30% ) — with Run 2 @300 fb ] c
medium AM (stop, neutralino —~1200F- n =% o4 with Run 2 syst. uncert 5
( p ’ ) WS 1200: (s=14 TeV, 3 ab . So discovery, o = 15% 7 Ecix'_ 1000 — with YR18 syst. uncert. _; 10 "g
{ € 1000 ™ 7 F 36.11795% CLexclusion | — with Stat. uncert. only 3 3
: - @5\/’/ e ] 8001 4 3" g
g 3 -0 800 /,f\/ L& & - r 1 3 S
f - \ l | // 6” 7 7 L i ? 101 S
soo- & = 600~ el I
\-“Y- @ F - ] , e | d10e S
» t 1 400 Z’/\ > E 4001 g ] a1 %
- a r . [ - | 3
200 - 21075
f : 3 _|
0 e Y T 2001~ /- ' ' i_;1040
400 600 800 1000 1200 1400 1600 1800 2000 A ) 2 i = &\;’
m['f') [Gev] 0 'AI 1 L i L 1 L | . 107 S
500 1000 1500 2000

= Compressed scenarios, small AM = mg,, - mqp : m (GeV)

200 Projections with ColliderReachTool:
190 | amas 4 JHEP 09 (2018) 050 / HL-LHC - 0.95 TeV;

fs=13TeV, 36.1 b’
160

o Good potential from analyses: [confirmed by theorists’ studies]
S (1) monojet (AM ~ 2 - 10 GeV)
E (2) soft leptons

Am [GeV]

140

120
100
80

- Might be conservative: e.g. recoil-jet pt
thresholds can be adjusted

Am>m, +m,

----- Expected limit (+10,,.)
=== Observed limit (+1050")

ATLAS monojet 13 TeV, 36.1 b —

B s soprowmoTen 2030 In addition: Gluino masses will also be constrained up to >3 TeV

........... lev v by w bww v v b v v buw g7

0 w0 w0 po @0 700 0 D (oo (20-50% increase depending on model assumptions)
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http://collider-reach.web.cern.ch/collider-reach/
https://link.springer.com/article/10.1007/JHEP09(2018)050

SUSY EWK production: Phenomenology

= Mass and hierarchy of the four neutralinos and the two charginos, as well as their production cross
sections and decay modes, depend on the M;, M,, u (bino, wino, higgsino) values and hierarchy

= EWK phenomenology broadly driven by the LSP and Next-LSP nature

= Examples of classifications (cf: arXiV: 1309.5966)

Case Al Case All .
* Scenario A: M < M, |y

Xt*

X3°
X2 —

X“’“| |""Z v X"“| X2/ o Bino LSP
X —

Case Bl Case Bll

* Scenario B: M, < M, |u|

Wino LSP

+ o Scenario C: |u| < M, M,

Higgsino LSP
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Used as benchmarks:

« Bino LSP, wino-bino cross sections
(1) Mass(y*) = Mass (1)
(2) y*1x—and y*y% processes

ow(x*1%x%)~2 ow(xtix 1)

« Higgsino-LSP, higgsino-like cross sections
(1) Small mass splitting x°;  x*1. x%
(2) Consider triplets for cross sections
(3) Role of high-multiplicity neutralinos and
charginos also relevant

on(x* 1%+ x 11+ %1%’ )
< 0.7 ow(x*1x%)

[depending on masses!]
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https://arxiv.org/pdf/1309.5966.pdf

Charginos and neutralinos

= The sensitivity to EW states will extend considerably at the HL-LHC

: . S Higgsino-like compressed scenarios:
Wino-like cross section: Reach above 800 GeV - 1 TeV , £s ) Pre )
challenging but not impossible
P ' j %
Wino % %, — W' X’ W%, — 2L + MET final state »
- :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII: -
> 800F o o = XY
0} t ATLAS Simulation Preliminary Baseline Uncertainties J
—~ 700 - = -
W f Vfs=14TeV, 3000 fb" E p B .
€ 600 ATLAS 13 TeV, 80 fb” = P
E ek 95% CL exclusion (x1 o,,,), multi-bin]
s00 Ll 5¢ discovery, inclusive = 14
400:_ All limits at 95% CL _: 5.(‘120 = W* —)EO h 520 =1 e/M + bB + E_rpiss CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)
o 7 17%2 1 1 — - |
300E- IR LLLTION E % AL L B B L B B B > PP — %% + pp — X, X — 7, % — W ] )
= Leennt L . 3 91000__ATLAS Simulation Preliminary - - - g5% L exclusion (s10,;) - O, 45| .--Expected 95% CL limit i =
2005— et ,:/ _______ ~: \‘ E % T {s=14 TeV, 3000 b’ === sodiscovary ] Ef’x“ P Expected 5 o discfovery - .%
100" - \ :‘ = £ 800~ Al limits at 95% CL - ; - -3 1 8
:IIIIIIIIIIIIIIIIIIIIII“IIIIIIIII‘FIIIIIII: : ——————— ~\ : lxv 35:_ "“ 5 7 8
800 300 400 500 600 700 800 900 1000 600 . 3 - \ 1 =
m(x;) [GeV] I 1 ] - 3 110§
400~ e N - 25F 4 1 E
- s : - - B 1] &
~ ;'-’» N Il -~ C 0, . n S
C o \ ' ] 15F 3 - =
O Pl " R SR TN Y ST T SN AN N ST N SN T S Y IS W (' :n P R C "’ i T O
200 400 600 800 1000 1200 1400 1600 10 o et E o\L;
m(z; %) [GeV] 108 1o s e 10
ATL-PHYS-PUB-2018-04
S-PUB-2018-048 2 (GOV]
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C 1 t .t. 0 Monojets (HL/HE/FCC-hh/LHeC/FCC-eh)
omplementarities! ;. o010 [ | |
HL-LHC soft lepton analysis CMS

CMS Phase-2 Simulation Preliminary 3ab'(14 Tev)

Higgsino-like EWK processes 95% CL exclusions o %

L HL-LHC 3/ab, 14 TeV (soft-lepton A)
HL-LHC 3/ab, 14 TeV (soft-lepton B)

pp — 7+ pp —> XK % > 200, % — WS
--- Expected 95% CL limit
— Expected 5 o discovery

my, - My, [GeV]
&

mmmm HL-LHC monojet -

IEEEEELLE HE-LHC 15/ab, 27 TeV (soft-lepton B) sy LHeC monojet-like (proj) | ' - 1 — =
| mimimim :i%cszbhoh (§|-5"/Ea-It;HC approx. rescaling) = HE-LHG monojet N ” Miogsin Mass my (GeV)
"""" CLIC1.5TeV [ \ ﬁ FCC-eh monojet-like : E
-3 IR R CLIC 3 TeV European Strategy, 100 ’a’oo 30 400 450 10
10° - -, CLIC / FCC-ee 380 GeV HL-LHC soft lepton = m, [GeV]

e e analysis ATLAS HE-LHC soft lepton analysis

A m(NLSP, LSP) [GeV]

f(ﬂ EELE ip production, tan =5, 11> 0 Pure Higgsino CMS HE-LHC Simulation Preliminary 15ab” (27 TeV)
- < z \“ . T ‘\ T \v T \- e = = . . — — | 1
B ! > "ATLAS Simulation inemal | > PP = 7k; + PP = Ty, % — 2, % — Wy 1 3
- S {5=14 TeV, 3000 fb" O, 45| --- Expected 95% CL limit =
i = All limits at 95% CL & — Expected 5 o discovery 2
- = Soft Lepton analysis £ 40p T g
I~ QXN ' E 3 2]
£ i g asp R ]
- ] £ 5
" 30 4
- E H10" &
- | ] = E 1 4 =
251 = 1 £
10= 1+ \/ ....---- i ermimamrmrmreted : 11 =
- . £ ] =
1 ' . . 2o 41 8
- - | F - bl =]
= | -
18E B S}
10 3
100 1 50 200 250 300 350 400 450 ) e} . . 102 3
m [GEV] 100 200 300 400 500 600
Mg, = Mg, [GeV]
3
_ 1500 . CLICdp Frel IIIII ly — e
% Fee=5 Hgg 0, CLIC 3T V = 9
o [T 11| CLIC 3 TeV lt led
= [ %o ,/m, 1 eV, resutts rescaie
€ 1000

§ also for CLIC1.5, CLIC380,

500

|
1400

800 1000 1200

/ FCC-ee (tbc)

ILC sensitive up to sqrt(s)/2 oLs
P 10 Sqrtis) m(NLSP) 1°°°m‘[(323§’

and down to O(100 MeV)

oL
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Direct searches for new physics: Dark Matter

DM + top/bottom quarks

107%®

= Several searches for DM candidates, SUSY-like and beyond —
—DarkSlde 50
—PandaX
—LUX e
—XENOON‘IBT

= Mono-X searches reach sensitivity 2-8 times better than Run 2

10740

arXiv:1602.03489

o, (x-nucleon) [cm?]

= Good complementarity ATLAS - CMS, with various scenarios covered 0
—ATLAS L|m|t Run 2

D c DM, g=1.0
E th i 75 (2018) 18

= Monojet, MET+HF, monotop, monophoton and VBF prospects (ATLAS)
= Mono-Z - CMS
= Also complementary with 4-top 2HDM-a model studies

1074 —=ATLAS 50 Dlscovery

F|4Tvaooom th+
Scalar mediator, Dirac DM, g = 1.0

—ATLAS Expected Limit
s=14 TeV, 3000 b, fi+p
Scalar mediator, Dirac DM, g = 1.0

46
10 xENON\T

ATLAS Simulation Preliminary
All L|m|ts at 90% CL

48 PR | MR
1 2345 10 20 100 200 1000
m(x) [GeV]

Mono-Z searches 4top searches

CMS Projection 3.0 ab ' (14 TeV)

10E”| """""" RN RN RN RS RAREE R

g -
pu— '\ 8 > 100 LI B L AL LA L L T T T T T T 1 = Th 3
=ih YR18 Syst_ uncert — — 8 - AJI'LAS Slr‘nulanon‘PreIlmm‘ary ‘ ‘ ‘ ‘ H z E ?TLAS S|mu|at|on F:rehmmary eory E
- g e P . C 14Tev, 300007 .. ]
- i fun 2 .,u urcert = ° - Vs=14TeV,3ab" pocacy Same Sign SR, m_ = 600 GeV, sind =035 ! 95% CL Exp. Limit
e > 5 [ u=200 H i = 15 Non-resonant model E|
¢ wikhstat. uncert. only r 301 limits at 95% CL =~ “----- Same Sign SR, m, =1TeV, sing =07 T = [j 95% CL Exp. = 1o E
- 20 - - .
. 2HDM+a model ~ =----- Multi-lep SR, m = 600 GeV, sind = 0.35 x B o . T
Vector mediator, Dirac DM Zev* % g N Wi S M, e sn S 107 D 95% CL Exp. = 20 -
woq g, =0.25.0 10 £ pot 10 — ,A‘ Muiti-lep SR, m_=1TeV, sinb =0.7 — ‘1-" E E
- sV Pmu= a2V . = = " “ = I .
3 i G B & ER Mono-top searches 1
A - ., Lo u 5 102 & 5
2 . b‘ 3 E E
T l - B N N C =
£ 1 - £ 21 o, i N ]
. n
K 2 E E
. u — —
~ $ I i
. X v 107
1 - g
. .
. -
n v 1 L oy ™ 0'2”‘200””300‘”‘400“"500““600““780‘”‘800‘”‘900‘”1‘00c BT NI IR WIS IS NS W I S W
00 400 GO0 30 1000 1200 1400 1600 100G 1000 1500 2000 2500 3000 3500 4000 4500 5000
m... (GeV) m, [GeV]

m, [GeV]
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Non-prompt sighatures and DM

= Disappearing track analyses are quite relevant for DM WIMPs searches

JE

: Q‘: production, tanp = 5, u >0

1

0+

;ZT Xy . Pure Wino , ,(‘,i‘ i?, "j "? production, tanf = 5, u >0 Pure Higgsino
'6*107v|vvv{vvv[vvv{vvv{vvv[vvv% '6*107 LN L N L L L L L I L L B L
k=] E _ Disappearing Track Analysis ATLAS Simulation Internal 3 k=] Disappearing Track Analysis ATLAS Simulation Internal
TE T Vs=14 TeV, 3000 fb”, u =200 "E Vs=14 TeV, 3000 fo™! i = 200
107 ‘ All limits at 95% CL E L Al limits at 95% CL
0 10° % é 10° %
X1 100 = 10'E
0 10° é ,,,,, é 10° é
X1 Wy '.'.L._'.‘:‘_.L.l.:._...ﬂ. é 102%
---- Expected Limit (x10,,,) 3 F - imit (=
10g- 50 discovery ’ 3 10" E;%?(s:::ic\i/;y (1 )
E e Theory . 3 E e Theory
7-‘-:5: L Run 2 Limit (arXiv:1712.02118) 7 1L Run 2 Limit (ATL-PHYS-PUB-2017-019)
S I B U R R R T N I I N R I
200 400 600 800 1000 1200 1400 100 200 300 400 500 600 700 800
m(x:) [GeV] m(x:) [GeV]
Indirect | Pure Wino Indirect | Pure Higgsino
. . FCC-hh | FCC-hh |
EWKinos in loop change prop I
FCC—eh FCC—-eh
(W, Y parameters)
HE-LHC | HE-LHC |
HL-LHC | 20, Disappearing Tracks | HL-LHC | 20, Disappearing Tracks
CLIC3000 [ Kinematic Limit: Vs /2 CLIC3000 |  Kinematic Limit: V's /2
20, Indirect Reach 20, Indirect Reach
ILC | | 1 ILC [ | ]
CLICss0 | | CLiCso | |
FCC-ee FCC-ee
M. McCullough | | | L |
Granada ‘19 CEPC Preliminary Thermal |__|cepc Preliminary  |Thermal
0.1 0.5 1 5 10 0.1 0.2 0.5 1 2 5
M, [TeV] M, [TeV]
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Long-lived particles

= Various feebly interacting particle cases studied for HL-LHC

= Examples: displaced muons, lepton-jets - e.g. targeting dark photons ATL-PHYS-PUB-2019-002

o
M ” Lepton-jets
13 CMS rame sovadotion etesway 3000 (13 Te ; CMS rrase 2 Sivutation Pasewnay 12000 12, 14 TaV) 1074
o m A o ‘ecn L X el SN | R N ) BR(H- inv) = 1% HL-LHC (3000/fb)
- g Mk GUSY b BRAM =+ 27« Xu20% FRVZ Model - muonic channel only HE8 Run-3 (300/fb)
oY 1107k

g Davk SUSY A = 20 Gew . 1030 mr 3 D P
e Dok SUSY & = 20 Gey - 109 v : 1075 4
2 L — Derk SUSY N = 20 Ge¥ - 10 i 100°r D Ascovery
, A =
2 3
- I

CMS displaced-muon

p— 10t -
r? o 5 10 15 20
n cem)

ATLAS Simulation Preliminary

1078

100
Dark Photon Mass [GeV]

Model ’independent’ results from LHCb Model 'dependent’ @ ATLAS and CMS

1071 | ™
107 l 10_5 = Wﬂ’-"" W'r‘\;;m""v’v.“r‘*w“m'm,f‘u'“v'W\‘"ﬂ" i
1075} oz 1070 1
) 1077} 1
107°¢ 1 10-8L i
1077} | 1079} 1
B X 10—10 | |
N, 10-8f 300 fh~! DO L i W -1l |
1y L] | 1072,
10710 1 107
107144 . o
10-1f 0 ] 10-15] 1 LHC minimal HL-LHC minimal
10712 n ‘ ‘ ‘ ‘ 107167 LHC BH_>A/A/ — 10% HL—LHC BH_>A/A/ — 10%
1073 1072 107! 100 10! L0-17 ‘ ‘ ‘ ‘
mu [GeV] 1073 1072 1071 10° 10!
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Direct searches for new physics: Resonances

= Searches for Z’ and W’ have been performed in a variety of final states
W’ mass reach lmproves by more than 2 TeV w.r.t. the Run 2, by more than 1TeV w.r.t. 300 fb-1

= AP AR AR AL i 3000 fb'! (14TeV)
= o imulation Preliminary . gxpected limit @ E ;S;_ N A B BN B E
aé V\Z 14|v TeV, 3000 fb! -EXzGCIegiZG Q - gﬂiﬂ’, prei,r,-nary — — 3000 b exp. sigmflcance :
> N xpected * 26 c 3 1 R
10 — Wissm Decay Exclusion [TeV] Discovery [TeV] S 1P~ T 300 fo” exp. significance
10 WSISM — ev 7.6 7.5 = = \\\ T discovery significance
Weism — pv 1.3 7.1 (% DS B evidence significance
10 Wasm — (v 7.9 7.7 10° 3 ~“~~\ \\\ =
\\
10° S
10F el N =
10°® T T e :
____________________________________________________ B N
Se ~N E
107 b= A A R S B AN B
1b00 2000 3000 4000 5000 6000 7000 8000
m,,. (GeV)
' ATLAS Simulation Preliminary .. gyoected imit
Vs = 14 TeV, 3000 b [ Expected = 1o .
Z Expocted » 20 good complementarity and agreement for
-2, . .
For Z’swand Z’, in dilepton final o0 top-like final states
states, exclusion (discovery) is
up to masses of 6.5TeV 10 Indirect constraints from interference
(6.4TeV) and 5.8 TeV (5.7 TeV) 10°

effects modifying DY also very powerful
(see back-up)

10-7 L
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Flavor physics: a wide program relevant for NP

= There is a wide program of studies
with progressive improvements which
provides also a window for NP

= “High pT” flavor physics

= CKM unitarity and related observables

= Charm-quark probes for NP

= Strange-quark probes for NP

= Tau leptons and LFV

= Hadron spectroscopy

= Bottom probes and B-anomalies

37

[more in Heavy Flavour talk]
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Observable Current LHCb LHCb 2025 Upgrade 11
EW Penguins
Ry (1 < ¢” <6GeV3eh) 0.1 5] 0.025 0.007
Ry (1 < ¢* <6GeVZeh) 0.1 [6] 0.031 0.008
Ry, Ry, Ry, —  0.08,006,0.18  0.02,0.02, 0.05
CKM tests
~, with B — DI K~ (F3)° 171 4° 1°
~, all modes (F22)° 18] 1.5° 0.35°
sin 28, with BY — J/y K¢ 0.04 [9] 0.011 0.003
¢, with Bg — J/vo 49 mrad [10] 14 mrad 4 mrad
¢, with B — DI D_ 170 mrad [11] 35 mrad 9 mrad
¢5%°, with BY — ¢¢ 154 mrad [12] 39 mrad 11 mrad
o 33 x 1074 [13] 10x 1074 3x1071
Vas|/|Ves| 6% [14] 3% 1%
By, B —ptp”
B(B® =y BB = pu) 90% [15] 34% 10%
THO b 22% [15] 8% 2%
o - - 0.2
b — cf 7, LUV studies
R(D%) 0.026 [16,17] 0.0072 0.002
R(J /) 0.24 [18] 0.071 0.02
Charm
AAcp(KK — 7r) 8.5 x 104 [19] 1.7x 10" 3.0 x 1077
Ap (=~ xsin @) 2.8 x 1074 [20] 43%x107° 1.0 x 107°
zsing from D° — Ktn~ 13 x 104 [21] 3.2x107* 8.0x107°

z sin ¢ from multibody decays

— (K3m)4.0x107°

(K3m)8.0x 107°
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High-pT flavour-related studies

= High p; searches for possible motivation of flavour anomalies:

HL-LHC projection (14 TeV)
T T T : T T

= Test of Z’ and lepto-quark models which could explain them =z T awe ] EY —
§ B "'._Pro'ection; g . Pro'ectionz
» Searches for LQ: 3 - 2N v ]
— % o . 7 of o wistat,uneer oy
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BSM summary plots

HL/HE-LHC SUSY Searches Simulation Preliminary
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Conclusions

= Run 2 results are being released using the full data-set: very high precision SM measurements,
access to rare processes, wide programme of searches, and much more to be investigated!

= The Run-3 and Run-4 (HL-LHC) upgrades are well on-track

= Preparation for HL-LHC in terms of physics programme has seen a big boost in the past ~2 years
in view of the European Strategy. Five documents have been delivered on SM, Higgs, BSM,
Flavor physics and Heavy lons for a total of +1K pages plus two short summaries.

= QOverall a very strong programme for the HL-LHC:
= |mpressive potential in the higgs sector for properties and BSM prospects [CMS-ATLAS combined]
= |mpressive expectations for di-higgs production using bb+X modes [CMS-ATLAS combined]
= Possibilities to discover new particles, i.e. in the EWK SUSY sector, and/or at high mass

= Precision SM measurements that allow reduction of uncertainties and provide indirect probe to
searches for NP

= interesting studies possible in the context of Heavy lon and forward physics (some in back-up)
= Now, let’s build the new detectors (while waiting to see what comes next...)
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Back up




Higgs physics: properties

= The exploration of the Higgs sector includes precision measurements, as well as searches for
rare production and decay processes:

= All production modes/decays including rare ones such as h > ytu~and h > Zy will be observable at HL
= Rate measurements show that percent level precision can be reached for most couplings

= With minimal assumptions, the total width I'; will be constrained with a 5% precision and an upper limit on the

Higgs invisible BR of 2.5% will be reached. _ -
K; : coupling strength modified parameters
(s =14 TeV, 3000 fb™' per experiment

HL-LHC projoectyon P00 e - -
7 0 ploted (s ] Total ATLAS and CMS
T — — Statistical HL-LHC Projection
Py IS oW 1% | —— Experimental
.i.n-mn wx o —_— Theory Uncertainty [%]
B width (ol el am c0L) 2% 4% Tot Stat Exp Th
. K, — ] ) )
1 C owadth [imd, Wk oL A 1.8 08 1.0 1.3
" - B ool emnve (sa% <L) Kw = 1.7 08 07 13
A0 x W
KZ — 1.5 07 06 1.2
Kg = 25 09 08 2.1
K= 3.4 09 1.1 3.1
) |
Kb _— 3.7 1.3 13 32
K = 1.9 09 08 15
LW . ‘
— 3 43 38 1.0 1.7
) x M w : :
. - — . Ko, B 9.8 72 17 64
17 19/ »w W 10 g 10 10° 2 : : . . ‘. . .
propcted coupling limit 0 0.02 0.04 0.06 008 0.1 0.12 0.14
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Higgs physics: Effective Field Theory

Global fit to observables in Higgs physics, diboson and DY
= The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators, allows to
systematically parametrise BSM effects

= E.g.. Constraints translate into a sensitivity to the Higgs compositeness scale f > 1.6 TeV, corresponding to a
new phyS]CS mass Sr:lo nf 27N Ta\l fAar an iinAdAarlhviina ctranalvr FrAlinlaAd thanrnag

sol AR ................ BUHCILEPISID W HLAME oo e -
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Higgs physics: BSM

HL-LHC will enhance the sensitivity to BSM physics. For example: Expected bound coming from Higgs

precision coupling measurements

H/A =2 zr (in ggF and b-associated production)
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access to new Higgs bosons as heavy as 2.5 TeV for tan 8 > 50
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Weak mixing angle

= Prospects for the measurement of the effective weak mixing angle using the forward-backward
asymmetry, Arg, in Drell-Yan di-lepton events. LHCb data used for high rapidity coverage

CMS Phase-2 Simulation Preliminary
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WW/WZ at HE-LHC

» HE-LHC will certainly improve high-p; measurements

= However, the experimental environment is expected to be challenging at the HE-LHC

= assess the performance of pile-up mitigation technique at the HE-LHC in order to have a

reliable estimate of the search sensitivity [reminder, pile-up @ HE is ~ 800!]
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A way to quantify this: global fits

= global significance of the tensions can be
defined in a specific framework of NP )

= Sensitivity to Wilson-Coefficient Cyand C,,

= jllustrating scenarios with modifications of just C,
(vector current) and of both (g = -C4, (pure left-handed
current).

= Use B; 2 up and the angular observables from the el
decay B, — Kxyu*u~ in the low-g? region (e.g. P’). .

Reach for generic new physics at tree-level is found to exceed 100 TeV
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Foreword

Common assumptions:

» HL-LHC: 3/ab @ 14 TeV c.o.m. with <u>=200

= For LHCb: luminosity of 50/fb and 300/fb
assumed for Phase1b and 2 upgrades

» HE-LHC: 15/ab @ 27 TeV c.o.m. (<u>=800)

NOTE: results for BSM searches and SM measurements
often refer to a single experiment
BUT: Statistical combinations in case of Higgs studies

LHC / HL-LHC Plan

LHC
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Collider | Type /s P (%] N(Det.) Pinst A Time
[e=/e™] [10%*1em™2s~! | [ab~!] [years]
HL-LHC pp 14 TeV 2 5 6.0 12
HE-LHC | pp  27TeV 2 16 50 20
FCC-hh pp 100 TeV - 2 30 30.0 25
FCC-ee ee My 0/0 2 100/200 150 4
2My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3
2myop 0/0 2 0.8/1.4 1.5 5
(+1)
ILC ee 250 GeV  +80/£30 1 1.35/2.7 2.0 11.5
350 GeV  £80/£30 1 1.6 0.2 1
500 GeV  +80/£30 1 1.8/3.6 4.0 8.5
(+1)
CEPC ee My 0/0 2 17/32 16 2
2My 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7
CLIC ee 380 GeV +80/0 1 1.5 1.0 8
1.5 TeV +80/0 1 3.7 2.5 7
3.0TeV +80/0 1 6.0 5.0 8
(+4)
LHeC ep 1.3TeV 1 0.8 1.0 15
HE-LHeC ep 2.6 TeV 1 1.5 2.0 20
FCC-eh ep 3.5TeV 1 1.5 2.0 25

(arXiV:1905.03764)

HE-LHC: 10/ab per experiment in 20 years
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https://arxiv.org/pdf/1905.03764.pdf

Prospects for High-Energy

= Higgs samples will typically increase by a factor between 10 and 25

= Potential reduction in the statistical uncertainties by factors of 3 to 5

= Biggest improvements arise for the channels favoured by the higher energy, such as ttH and HH.

’_|<']‘ 16_ ...................................................................................................... Ll "'L_H 4c
gg—H VBF WH ZH ttH HH = N HL-LHC/HE-LHC 3
Na7 22x10° [ 1.8x10% [ 5.4x107 [ 3.7x 107 | 4x 107 | 2.1 x 10° ~ 14 HL-LHC combined -
Ny7/Nig 13 14 12 13 23 19 - — (S < 14 TeV. 3 ab” ]
121~ HE-LHC combined B
. 7 n ~ V{s=27TeV,15ab" ]
Coupling S2 S2 10— —
k. 1.6 1.2 S\ = 7%
kw 1.5 1.0 N ’
kz 1308 Projected sensitivities with 6;_ E
kg 2.2 1.3 . . - 1)
. 59 10 different assumptions on QN R Gl s —————————— —20
kz 5 91 systematics o E
k, 1.7 1.1 o NN 1
O 1 11 1 | L 11 L 11 | 1 111 | 1 11 1 | 1 11 1 | 1 11 1 | 1 11 1 | 1 11 1
k, 22 1.7 -1 0 1 2 3 4 5 6 7 8
kz, 69 4.1 K,

precision of 10% to 20% from the combination of
b byy and b bt t channels alone.
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Prospects for High-Energy (2)

= For Higgs boson transverse momenta between 50 constraints on the EFT operators
and 500 GeV, a precision in the range of 2-4% is = —
achievable for the ratios BR(H—pu)/BR(H—yy) and i e I
BR(H— 4l)/BR(H—yy), and therefore of order 1-2% -
for the ratios of the relevant Higgs couplings. _ : | e
li:: [ S | T ITESI L Tt [ITTICISSRRRRSEE | TR AR -+0.04 E
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= Potential for discovery of deviations will grow
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SUSY: strong production (1)

https://arxiv.org/pdf/1812.07831 .pdf
&HUT,Y Jets Mass limit
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https://arxiv.org/pdf/1812.07831.pdf

Charginos and neutralinos (wino-cross sections)

= For SUSY, the kinematic reach is reflected foremost in the sensitivity to EW states

Wino % %, = W" %, W™ %, — 2L + MET final state
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Charginos and neutralinos (higgsino-like)

= charginos and neutralinos scenarios in case of compressed scenarios - challenging but not impossible

J X
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Stau reach

1, 15 the lightest of two states, mixing of LH and RH component of T
Cross section depends on that = 1 very challenging! p :
T _. X1
HL discovery up to 550 GeV (tr=1) ~~_ .
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. . T
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Direct vs indirect constraints

= |f mZ’>>5 TeV, main contributions from interference effects modifying DY 3 — Dtepton 8k
= Complementarities hadron / lepton colliders . . 2 Z,,(3TeV)
= Hadron colliders relevant for gz:>gsy 7! i

couplings: [mass/coupling] > 0.5/s . ;

(lepton colliders; sensitive to [mass/coupling] > /[s) 1oL Noresonance
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Characterizing a discovery (@ HE-LHC

® |F a Z’ resonance of 6 TeV is seen at HL-LHC, it can be “characterized” at HE-LHC
via cross sections, AFB and central/forward ratios

o(Aly] > 0) — o(Aly| < 0) __olyzl<w)

App = Ag = 7 ry—a( <l <w) y1 = 0.5and y, = 2.5
o(Aly] > 0) +o(Aly| <0) U1 <Yz <Y
- _600 - -
= F HE-LHC simulation o [ SSM ﬂn x  HE-LHC simulation .:.:. HE-LHC simulation
2.3~ S P e——u =6TeV Ldt=15ab”
= m,=6TeV L =15ab™ o i [] m,=6TeV m;=ble .
A M,(6TeV)=200GeV 500 LRM LW (1l et
2.2; n|™ —e—u =qq =bb tt
——
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CKM unitarity triangle p—n plane

07

y % , 'An:1d8'(Ams - _%
= |mproved knowledge of parameters “E g, E
= The evolving constraints in the p™- n~plane from . . 3
LHCb inputs and lattice-QCD calculations are 1 RN TS
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prospects for B-anomalies

B(B — D®)r=7,)

. . B(B — K(*)y.'*'/,t._) SM R(DW) = —— —— ({=e,p)
= Good prospects for confirmin Ry = = 1.0 B(B — D®)-)
p p g K(+) B(B—)K(*)e-}-e_) . e
. . . A 0.42F Babar 3
or discarding anomalies « 20 E L e ey ]
~4 : LH Cb F — Belle Combination’2019 (Preliminary) 1
- 0. 38:_ —&\{’V&)ﬂ; g;;zlr:lauon 2019 _:
151 b e T o E
F 034f / IANE
10 = e \]
0sF .y 0'35 N
: o LHCbRun 1 + 2015 + 2016 3 N E
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0225 | i, I
Moriond EW 2019 02 025 03 035 04 045 05
B R(D)
= Large improvements predicted b — ¢, LUV studies
R(D%) 0.026 [16,17] 0.0072 0.002
R(J /) 0.24 [18] 0.071 0.02
Observable Current LHCb LHCb 2025 Upgrade II
EW Penguins
Ry (1 < ¢° <6GeVich 0.1 [5] 0.025 0.007
Ry (1< ¢° <6GeV3eh) 0.1 [6] 0.031 0.008
Ry, Ryk, Ry — 0.08, 0.06, 0.18 0.02, 0.02, 0.05
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Lepton Flavour Violation in T decays

= Bounds on Tau Lepton Flavour Data from the existing experiments are compiled by HFLAV
N\

Fraction of events / 10 MeV
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Flavour physics (@ ATLAS and CMS

= |nteresting and competitive studies can be performed at HL-LHC ATLAS and CMS also in B/C sectors thanks
to the enhanced B-physics capabilities of the upgrades. E.g.:

= Measurements of the CP-violating phase ¢s, potentially sensitive to BSM, in B, — J/y ¢ channel

@ 0-121w'"w""w"w"'w"'w"'w""w"L
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i+ . . r 50x50 um? pixels, digital clustering for 4 3
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= Prospects for measuring the BR of the very rare decays B%—p*p- and BO—p*y- 2 o £ HL-LHC -
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Heavy Ion Physics




Heavy Ion physics

= Very detailed research programme
= The integrated luminosity target of 13 nb-! by the end of Run 4 (= a seven-fold increase wrt Run 2)
= high-density QCD and the Quark-Gluon Plasma (QGP)

1. Characterizing the macroscopic long-wavelength properties of the QGP with unprecedented precision.

= Goals: . . . . . .
2. Accessing the microscopic parton dynamics underlying QGP properties.

3. Developing a unified picture of QCD particle production from small (pp) to larger (pA and AA) systems.
4. Probing nuclear PDFs in a broad (x, Q%) range, searching for the possible onset of parton saturation.

\Syn = 5.02 TeV PbPb 10 nb™

z_jetmomentum L L L L L L L L A BB BN (\‘0'2_"'|"'|"'|"'|"'|III ]
_ CMS innti 7 > L ALICE Upgrade Projection -
imbalance in Pb—Pb 1.2 Projection - - JeweL 7 - _ y .
e PbPb, 0-30 % Hybrid ] - Pb-Pb \/ST\‘N =5.02 TeV, 10 nb g -l/ll) e"i tiC ﬂOW in _Pb
L Current Unc. - dEB;d;I 0T 1 0.151~ p-Pb |5y = 8.16 TeV, 500 nb’’ ] P P
1~ 7 Projected Unc. s I 1 and Pb-Pb (ALICE)
- dE/dx o T B C i e + ]
i Strong Coupling | 01 - - .
,\_.‘ n 8 GLV B . ® 4 1
Z | X i g = 2. 4 C L] ]
© |'C"\‘ 0sh A e §=2_2 B 0.05 ® # .
iz b?>60 GeVic 5 ] ALICE dominates but
r anti-k. jet R=0.3 [/ e 40— = . .
04~ 0 30 Gevie ] o 1 interesting results from
- 5% T ) 4 [ Inclusive Jiy — utu- Transport Model (TAMU) ]
% 2 et - -
0.2l % ul |<17'6 7 - ® Pb-Pb 20-40%, 25<y <4 — Pb-Pb 20-40% - ATLAS and CMS as Well
L . Ag,>gm | -0.05-, p-Pb 0-20%, 2.03<y <353  — p-Pb2-10%, mid-y
oy ] [ p-Pb0-20%, -4.46 <y <-2.96 ]
OO 2 04 06 08 1 1-2 1- 1 1-8 2 _0.1 C 1 11 I 11 1 I L1 1 I 11 1 I L1 1 I 1 11 I L1 1 ]

0 2 4 6 8 10 12 14

62 Xz = P/pS i p, (GeVic) 24/9/19




Heavy Ion physics (2)

= Very detailed research programme
= The integrated luminosity target of 13 nb-1 by the end of Run 4 (= a seven-fold increase wrt Run 2)
= high-density QCD and the Quark-Gluon Plasma (QGP)

= Also, searches for new physics! Just one example: ATL-PHYS-PUB-2018-018

Measurements of Photon-Induced Processes in Ultra-Peripheral Collisions of Heavy lons

Photon-photon interactions in lead-lead collisions oy L W N B BN RN BN
. . . . = . ATLAS Simulation Preliminary 1
Good potential for axion-like particle searches = L Popo (s =502Tev 10mb! ]
>
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