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Data taking in Run 2
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» Excellent performance of the accelerator and of the experiments

« The ATLAS and CMS experiments have recorded >100 fb'" in Run 2 (Ns = 13 TeV);
High data taking efficiency

» Stiff luminosity slope in 2018, better running conditions than in 2017
(no luminosity levelling necessary)
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Data taking in Run 2
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Pileup in 2017

A clear event with four identified muons, however, from two independent har scattering
events in the same bunch crossing (see z-vertex reconstruction)
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The Physics Messages from the LHC

- a summary from the first 8 years-

(i) The Standard Model has been tested at the
highest energies

High LHC intensities (excellent machine and detectors)
—> rarer and rarer processes are being explored

(i) A Higgs boson has been discovered (2012)

The properties of the discovered Higgs boson are in
agreement with the predictions of the Standard Model
-within the present uncertainties-

(i) No Physics Beyond the Standard Model has
been discovered (yet)
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Standard Model Production Cross Section Measurements
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The mission of the LHC for the next decade (HL-LHC)

(i) Continue the direct searches for Physics Beyond —
the Standard Model at the highest energies /\ .

e

| f
(i) Exploration of the Higgs sector ) T 3}}

SUPERSYMMETRIC

- Address more complex scenarios 3

"SHADOW® PARTICLES

- Does the discovered Higgs particle have the
properties as predicted in the Standard Model?
(higher precision, access to rare decay modes)

- Investigation of the Higgs boson self-coupling
- Higgs boson potential

(iii) Precision Measurements

- Precision measurements of Standard Model processes
and parameters
- Measurement of rare processes
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Summary of recent results from the LHC

Di-jet event with the highest di-jet invariant mass of m; = 9.3 TeV recorded during 2017
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« Also at the highest energies explored so far, the data are well described by NLO perturbative
QCD calculations (NLOJet++)

« Latest comparisons to NNLO predictions (NNLOJet) [u. Currie, N. Glover, T. Pieres, Phys. Rev. Lett. 118 (2017)]
- improved agreement, however, scale dependent
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- First publication on complete Run-2 (2015+2016) dataset: 37.0 fb-' at Vs = 13 TeV

Search for new phenomena in di-jet events

Phys. Rev. D96 (2017) 052004
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95% CL exclusion limits: Excited quarks
Add. gauge bosons:
Quantum Black Holes:
Contact Interactions:

*pre-LHC limit on excited quarks from the Tevatron:

Joint Kavli IPMU - ICEPP Symposium, K. Jakobs, 18" June 2018

(5.8 TeV exp.)*
my > 3.6 TeV (3.7 TeV exp.)
mgy > 8.9TeV (8.9 TeV exp.)
A>131TeV (n  =+1)
A>21.8TeV (n  =-1)

my. > 6.0 TeV

0.87 TeV
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Standard Model Production Cross Section Measurements
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Huge progress also on the theoretical side: (N)NLO QCD / el.weak corrections

Status: March 2018 [Ldt
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Status of Higgs Boson measurements




Results of Searches forH 2> yyand H 2> ZZ* - 4l at 13 TeV

arXiv:1802.04146 (2018)
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* Impressive signals in these high-resolution bosonic decay channels
(Data collected during 2015 and 2016 in Run 2 at 13 TeV)

» Observation with a significance of > 5o in each channel
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H - yy signals for various categories

arXiv:1802.04146 (2018)
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Differential cross-section measurements

arXiv:1805.10197 arXiv:1805.10197
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« Data are well described by theoretical calculations (within large uncertainties)

» Such measurements will become important ingredients for future measurements
of Higgs boson parameters (Effective Field Theories)
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H > WW* - {v Iv signal

» Large branching fraction, however, also severe backgrounds
(no mass peak, due to neutrinos)
* > Rely on lepton/jet kinematics (- transverse mass M, di-lepton invariant mass my, 6y,)

ATLAS-CONF-2018-004 arXiv:1806.05246
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« \Very significant excesses visible in the “transverse mass” and m,, distributions
ATLAS: gluon fusion 6.3c observed (5.20 expected)
CMS: total 9.1c observed (7.10 expected)
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Couplings to fermions?

Couplings to bosons
well established in
Run 1 and wnicel
confirmed in Run 2

dhectron neutring MO0 eutring

Leptns

Search for H 2 tr and H - bb decays, and ttH production




Couplings to quarks and leptons ?
 Search for H 2> tt and H - bb decays;

» Challenging signatures due to jets (bb decays)
or significant fraction of hadronic tau decays

» Vector boson fusion mode essential for H 2 vt decays
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35.9 fb' (13 TeV)

Couplings to Fermions: H - 1t
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Search for H - bb decays &

W/z
H->bb mode dominates Higgs decays (BR~58%) o5
q W/Z
Most sensitive channel exploits VH, H->bb (V=W/Z) W/\AP\H\
q H
Combined ATLAS+CMS significance 2.60 J/ N .

(3'70 expected) from LHC Run-1 « Combination of Z and W final states characterised

by lepton multiplicity:
(2-lepton (Z—#), 1-lepton (W—{v), and
O-lepton (Z—wv) )
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Combination of result with ATLAS Run-1 gives

GeV
My, [GeV] 3.60 observed (4.00 expected)
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Search for ttH Production
» Direct access to top-Yukawa coupling

« Rich decay topologies; final states with leptons, jets, b-jets, photons

b b
v q vy
t : : Vas I
g ’ q vy '
..... . H b o ) -g. » '
..... 4 A b 17 D0 ‘ H A
g - e = I P P
b > 1
b J
H - bb H-> WW* H->t< H- vy

multi-lepton channels (ML)

OATLAS 4~

EXPERIMENT
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Evidence for ttH production

arXiv:1712.08891, Phys. Rev. D97 (2018) 072003
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- Combination of all channels leads to 4.2c observed (3.8c expected) (Phys. Rev. D97 (2018) 072003)
In addition, Run-1 sensitivity of 2.70 observed (1.8c expected) (JHEP08 (2016) 045)

- Measured production and decay rates consistent with SM expectation
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Observation of ttH production

Phys. Rev. Lett. 120 (2018) 231801
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Observation of ttH production:
(combination of Run-1 and Run-2 data)

= +0.31
0= 29 0.26

Significance: 5.20 (obs.), 4.20 (exp.)
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Including the 2017 data for H-> yy and H &> ZZ*

arXiv:1806.00425
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Higgs signal appears in
yy final states
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ttH (multilepton) F—e—ri 156+ 040 (= 030 .= 039 )
ftH (ry) == 139+ 08 (= 0% .= 050)
ttH (22) fe <1.77 at 68% CL
Combined H==—H 132+ % (2018, 2)
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-1 0 1 2 3 4
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Oy O

Observation of ttH production with larger
significance

- +0.28
W=1.32 "%

Significance: 6.30 (obs.), 5.10 (exp.)
(Run-1 + Run-2 data)
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Combined ATLAS & CMS Higgs analysis — Run-1 legacy

ATLAS & CMS Run-1 combination of Agreement among experiments
Higgs coupling measurements Overall signal strength (Run-1): p=1.09 + 0.11 (A& C)

[arxiv:1606.02266 | Run-2: 1.17 + 0.10 (CMS, all channels, 0.06 stat/syst/sig),

1.09 + 0.12 (ATLAS, ZZ* + yy)

Higgs production processes

ATLAS and CMS -®- ATLAS+CMS Higgs decay processes
B -+ CMS LHC Run 1 - ATLAS
. — =10
u - .2 B ' -+ CMS
9gF e 7 : — =10
| : YY ———— 495
5 1 Observed : =
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e j
— i 7z o
- W e
e ———— h
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: uw - in Run-1
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T e ———
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rat|oslof u . u —
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Parameter value
Parameter value
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Search for Physics beyond the Standard Model

g, Grond s'uts)
Unification

SUPERSTRIN G
M-theory heterotic

THOUGHT OF

© Hitoshi Murayama, IPMU Tokyo & Berkeley
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Search for Supersymmetry
-Important new results with complete 2015-2016 dataset-

g production, B(@ — qq z?)=100% Phys. Rev. D97 (2018) 112001
> F T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T = p— 1800 l Y Y T T l T T Y T l T T T Y | Y T T
7 c ] > - - SusY .
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S TE 5=13TeV,361H"  mmwien 3 O, 1600 [ s isTeaS === Exp. limits (1 0g,p) ]
S - Meff-4j-2200 [ ti(+EW) & single top ] éf-\'— - 0-leptons, 2-6 jets Exp. lfmlls MEff e
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o g [ Diboson E - Al imits at95% CL === OL obs. limit (13 TeV, 3.2 fb") R
Ll>.| - Il Mutti-jet . 1200[— —
10° 2 = = = gg direct, 3 o ]
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. ' O\ ,
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- : : ; T 400 .
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= E ; 4555
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m; [GeV]
Data well described by expectations Gluino mass limit beyond 2 TeV, m(x°) =0

from SM processes
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Results on dedicated searches for stop quarks

T, production, = b 1'%, /T= ¢ %, /T~ Wb 7, /T~ t% May 2018
';‘ 800 I_I T | L | L | L | L | L | L | L | L | I_I
8 ~ ATLAS Preliminary s=13 TeV, 36.1 fbo 1
= T EE Tt T Wb oL [1709.04183] 7
S-700— —T—ti /T>Wb¥ /T1—>bff'yz 1L [1711.11520] —
[ T BTt T Wo R by oL [1708.03247] .
e - —ET-cy /T-btry Monojet [1711.03301] -
600— ~—T—c %, cOL [1805.01649] _|
T = Vs=8TeV,201b" Run 1 [1506.08616] ]
500 Observed limits  ==== Expected limits All limits at 95% CL ]
- . ]
B Q * L o —
400— &Ry &yt ]
300(— ]
N _
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200— <_
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Z ‘ /_
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i
5 5 H
1 ! -E\\_
O n Dy | 1111 | 1111 | 1111 | 1111 | (- | | | | 1 1 [ T
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m(t) [GeV]

« Weaker mass limits for partners of the top quark (lower production rate, tt background)

* However, significant progress, with mass limits ~1 TeV (light neutralinos),
including coverage for complex decay scenarios
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Results on electroweak SUSY production

March 2018 ATLAS Preliminary s=8,13 TeV, 20.3-36.1 fb'
;‘ L A L L O L L B B B
(05) | === Expected limits Observed limits All limits at 95% CL i
1200 " Xi%; ——via T/% 2, arXiv:1803.02762, arXiv:1403.5294 ]
o B — via /v 2l,arXiv:1509.07152 i
Cix" | —— via T,/ ¥, 2t, arXiv:1708.07875, arXiv:1407.0350 ]
~ L —— via WW 2, arXiv:1403.5294 |
E1000— GLxe via T/¥ 2143l arXiv:1803.02762, arXiv:1509.07152 —
B — Via WZ 2| compressed, arXiv:1712.08119 7]
- via WZ  21+3l, arXiv:1803.02762, arXiv:1403.5294 y
B via Wh  Ibb+lyy+IF+3l, arXiv:1501.07110 7
800—._~ /0 ]
= X1 %4 X via 7,/ 9, 2t,arXiv:1708.07875 .
L ;(20%3 via T, 31+41, arXiv:1509.07152 _
600__m(TL/fL/V)=o.5[m(zf)+m(gj,§g,iglL, ............. =
400~ oS e T —
L AN e ‘ _
- [] -
1

L ! _
200 ' —
L s ; _
™ ¥ ] —
""" 21 1 1 —

O 3 [T BT S
200 00 1000 1200

~x ~0 ~0
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The 95% CL exclusion limits on x,*X1, X1Ex.° and x,° x3° production with either
SM-boson-mediated or {-mediated decays, as a function of the x,*, x,° and x,° masses.
The production cross-section is for pure wino x,*X;” and x,*x,°, and pure higgsino x,°xs’.
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Electroweak SUSY sensitivity beyond LEP limits

arXiv:1712.08119

March 2018
— 50 T T T T T T T T T T T T T T T T T T T T T T N ; 60 | T T T T I T
% B 2¢ compressed, arXiv:1712.08119, m(x3) = m(x9) + 2am(y§, 9) ] D r
(D L Disappearing track, PHYS-PUB-2017-019, m(x3) = m(x9) O N
= 9 LEP2 §# excluded =~ 50} 3
— B +* Theoretical prediction for pure Higgsino 7 —~ C ATLAS 8 TeV {, g excluded ]
o~ O N
] ~ - R 4
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1‘;‘ : ] EE, 40 7
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% -~ ATLAS Preliminary 30 Vs=13TeV,36.1fo"
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Interesting limits for electroweak SUSY production with compressed mass states
(left): First direct Higgsino constraints from ATLAS (combination of several analyses)

(right): Exclusion of slepton masses up to 190 GeV
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 [L£dt=(32-37.0)fo! Vs=8,13TeV
Model t,y Jetsi ET™ [rdt[b] Limit Reference
AL i i T i i o i i T
ADD Gkk +g/q Oeu 1-4j Yes 36.1 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO CERN-EP-2017-132
ADD QBH - 2j - 37.0 Mn 8.9 TeV n=6 1703.09217
ADD BH high ¥ p1 >leu >2j - 3.2 M 8.2 TeV n =6, Mp =3 TeV, rot BH 1606.02265
ADD BH multijet - >3] - 3.6 M, 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586
RS1 Gkk — vy 2y - - 36.7 | Gk mass 4.1 TeV k/Mp; =0.1 CERN-EP-2017-132
Bulk RS Gk — WW — qqtv 1epu 1J Yes 36.1 Gk mass 1.75 TeV. k/Mp = 1.0 ATLAS-CONF-2017-051
2UED / RPP leu >2b,>23] Yes 13.2 KK mass 1.6 TeV Tier (1,1), B(AWD - tt) =1 ATLAS-CONF-2016-104
SSM Z' — ¢¢ 2ep - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
SSM Z" —» 1t 27 - - 36.1 Z’ mass 2.4 TeV ATLAS-CONF-2017-050
Leptophobic Z’ — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
Leptophobic Z" — tt leu >1b,>1J/2) Yes 3.2 Z’' mass 2.0 TeV r/m=3% ATLAS-CONF-2016-014
SSM W’ — ¢y lepu - Yes 36.1 W’ mass 5.1 TeV 1706.04786
HVT V' - WV — gqqqg model B O e, u 2J - 36.7 V’ mass 3.5 TeV gv =3 CERN-EP-2017-147
HVT V/ - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv=3 ATLAS-CONF-2017-055
LRSM W, — tb 1eu 2b,0-1j] Yes 203 1410.4103
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09217
. Clttqq 2epu - - 36.1 A 40.1TeV 7, | ATLAS-CONF-2017-027
Cl uutt 2(88)/28 eu>1b,21] Yes 203 |INEEEEEeTTeV ICrel = 1 1504.04605
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mmed 1.5 TeV g,=0.25, g,=1.0, m(x) < 400 GeV | ATLAS-CONF-2017-060
. Vector mediator (Dirac DM) Oeu, 1y <1j Yes 36.1 Mmed 1.2 TeV 84=0.25, g,=1.0, m(y) < 480 GeV 1704.03848
VVyy EFT (Dirac DM) Oeu 1J4,21j Yes 32 | M. 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 15 gen 2e >2j - 3.2 LQ mass 1.1 TeV p=1 1605.06035
. Scalar LQ 2" gen 2u >2]j - 3.2 | LQmass 1.05 TeV p=1 1605.06035
Scalar LQ 3" gen leu  21b23] Yes 203 [lCascaocew B=0 1508.04735
VLQ TT - Ht+ X Oortepu 22b,>23j Yes 132 | Tmass 1.2 TeV B(T - Ht)=1 ATLAS-CONF-2016-104
VLQTT - Zt+ X leu 21b,>3j] Yes  36.1 T mass 1.16 TeV B(T—-2zt)=1 1705.10751
VLQTT » Wb+ X leu =1b,>1J/2) Yes 36.1 T mass 1.35 TeV B(T > Wb)=1 CERN-EP-2017-094
VLQ BB = Hb+ X ey 22b,>3] VYes 20.3 B(B— Hb)=1 1505.04306
VLQ BB — Zb+ X 2/>3e,u  22/>1b - 20.3 B(B— Zb) =1 1409.5500
vLQ BB - Wt + X leu >1b,>1J/2) Yes 36.1 B mass 1.25 TeV B(B—- Wt) =1 CERN-EP-2017-094
VLQ QQ — WqWq 1eu >4 Yes  20.3 1509.04261
Excited quark g* — qg - 2j - 37.0 6.0 TeV only u* and d*, A = m(q°) 1703.09127
Excited quark ¢* — qy 1y 1j - 36.7 5.3 TeV only u* and d*, A = m(q") CERN-EP-2017-148
Excited quark b* — bg - 1b,1]j - 13.3 ATLAS-CONF-2016-060
Excited quark b* — Wt lor2e,u 1b,2-0j VYes 20.3 fp=fi=fr=1 1510.02664
Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
LRSM Majorana v 2epu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢¢ 2,34 e, (SS) - - 36.1 H** mass 870 GeV DY production ATLAS-CONF-2017-053
Higgs triplet H** — ¢r 3eu,T - - 20.3 DY production, B(H}* — (1) = 1 1411.2921
Monotop (non-res prod) lepu 1b Yes 20.3 anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

1071 1

*Only a selection of the available mass limits on new states or phenomena is shown.
‘tSmall-radius (large-radius) jets are denoted by the letter j (J).
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The next steps
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Expected integrated luminosity of LHC and HL-LHC
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Expected integrated luminosity of LHC and HL-LHC
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HL-LHC inclusive Higgs sample will be 23 times larger (30 times
for 4 ab-") than that expected for full Run-2 (~150 fb-' at 13 TeV)

With 3 ab=': 190 million H and 120 thousand HH (ggF) produced (SM)

(P < AU
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Status of Phase-l|
Detector Upgrade Technical Design Reports (TDR)

All six TDRs of the ATLAS Phase-Il Upgrade programme have been presented
by ATLAS, reviewed and approved by the LHCC and UCG, and finally approved
by the CERN Research Board

ATLAS
Tl
| |

Techaical Design Report

Silicon Strip  + Pixel tracker Muon system Calorimeters TDAQ

-+ but also a huge amount of work ahead of us..
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14 TeV / 13 TeV cross-section ratios

Minimum bias |#1.02

W J1.08
Z
2z
t (s-channel)
t (t-channel)
Wit
WH
H (9gF)
H (VBF)
HH
tt
ttZ
ttH

stop pair (0.9 TeV) 1.37

gluino pair (2.0 TeV) .73
Z'SSM (4 TeV) nnnd1.40
g* (6Tev) 2.0
QBH (9 TeV, n=6)
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Methodology of HL-LHC studies

@® The experiments use full or parameterised fast simulation tuned to full
simulation of upgraded detectors, together with overlaid pileup and simplified
analyses to explore HL-LHC reach

@® Alternatively, current full analyses are extrapolated to HL-LHC energy and
conditions

— In both cases bold assumptions on evolution of theoretical uncertainties made
— Both methods suffer from caveats. Many studies are conservative

— Most of the studies shown here will be updated for the HL-LHC Yellow report;
under preparation, will appear by end of this year

— All studies shown here for 3 ab~" and assuming 200 or 140 pileup events on average
per bunch crossing
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Prospects for standard SUSY searches
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HL-LHC 95% C.L. exclusion limits for gluinos up to ~ 3 TeV
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Prospects for standard SUSY searches (cont.)

ATL-PHYS-PUB-2014-010
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HL-LHC 95% C.L. exclusion limits for charginos / neutralinos up to ~ 1.1 TeV
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Joint Kavli IPMU -

Prospects for standard SUSY searches (cont.)

ATL-PHYS-PUB-2013-011
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HL-LHC 95% C.L. exclusion limits for stops up to ~ 1.5 TeV
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Higgs physics programme at the LHC in a nutshell

Higgs boson properties:

« Mass (well known), width (through interference measurements)

« Spin (0* established), CP (odd admixture possible) — not discussed today

Rare Higgs boson decays:

» Observation of H — py, H — Zy, HH production (constraint on Higgs boson self coupling)

« Search for very rare (e.g., H —= My, M=J/y, ¢, p), difficult (H — cc) or anomalous decays (invisible
or new particles, or flavour violating)

Higgs boson couplings:

« Study of Higgs boson production and anomalous couplings by differential cross-section measurements

« Global and partially global coupling fits: experiments moving from “kappa” interpretation to EFT

New physics in Higgs boson production or other scalar states:

« Search for anomalous FCNC through top decays, Higgs production via SUSY cascades, etc.

» Search for additional scalar particles
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Coupling to 2" generation: Higgs decay to H 2> yu  (BR: 0.022% in SM)

Upgraded detectors feature improved di-muon mass Loup. TEAS [Tk Strp TDR: CERN-LHCC-2017-005
resolution Y Snabisheonioin R
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mass resolution
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005 e 2023 » 0020

to ~13% (ATLAS), 10% (CMS) precision for 3 ab™
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category, expected
resolution ~1.05%
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determination
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Rare loop decay to H 2 Zy (BR:0.15% in SM, 0.010%

Large background from Z production with radiative photons

Observation with combined ATLAS & CMS dataset expected
with 3 ab~! H ------

Combined statistical precision of about 15% on cross-section

Challenging data-driven background determination
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with Z — ee, Upy)

0

ZIV/y

Also searches for,

eg, H— J/Y y with
expected sensitivity of
15 times SM prediction
(BR: 2.9 10)
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HH cross section predicted to 40 = 2 fb at 14 TeV,

Di-Higgs boson production

l.e., >1000 times smaller than for single Higgs production

Sophisticated analyses needed, room for innovation;

Extrapolation uncertainty in continuum background prediction

7000)

Qo Q)

A

-—-H

---H

Best channels: bbyy (BR = 0.26%), bbtt (7.3%), bbbb (33%), bbWW, 25% — combination

Currently (36 fb-" at 13 TeV) for bloyy: py < 19 (17,,,)

[CMS, using LO signal simulation, some effect on acceptance]

Projection to HL-LHC (bbyy, 2017): ~1.50 significance, CMS combines w/ bbtt in HL-LHC TP (2015): 1.90
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It is not yet established which of the three main

The bbbb channel strongly depends on the lowest
jet prtrigger threshold and on top background

Combining ATLAS and CMS in all channels,
hoping for analysis improvements, and
including new channels may give 3o HH
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Constraints on Higgs trilinear self coupling A4

Constraint on Ay by simulating NLO MC HH samples
for different A,y values. Effects on total HH cross
section and acceptance

Projection to HL-LHC (bbyy, 2017)
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95% CL limit: 0.2 < A/ gy < 6.9 (bbyy)
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LO diagrams contributing with negative
interference to SM HH production

Box diagram dominates inclusive production

Sensitivity to H self coupling rises at low m,

These analyses use only inclusive rates.
Fitting differential variables such as m,,
Py close to threshold should allow to
improve the constraint on A (but hard for bbbb
channel, so : bbyy and bbtt might be best for A)

[See, e.g., 1607.07441]

Auny also affects single-H production at
NLO through internal H loops

— Complementary information from
differential H cross-section measurements
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Off-shell coupling measurement

Both CMS and ATLAS have constrained the Higgs off-shell coupling and through this obtained
upper limits on the Higgs total width I',;. Current limit 'y, < 22 MeV at 95% CL (I'; 5, = 4.1 MeV).

The method uses the independence of off-shell cross section on ', and relies on identical on-
shell and off-shell Higgs couplings. One can then determine I, from measurements of Uk chell

and Yo shell
CMS 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
> T T 17T | LU | LU | LU | LU | LU | LU I_
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Hoft-shell (§) =

Mon-shell

T off-shell

—_ 2 A 2 A
=K g,off—shell(s) * Ky ofi-shent (5)

gg—-H*"->VV A

oft-shell, sM (3)

gg—-H—-ZZ 2 L2
O-on-shell _ K g,on-shell K Z,on-shell

gg—~H—-ZZ T FSM

on-shell, SM H / H

With L, = 3000 fb~', one may find:

(L2 = 1.0070% (stat+sys)

Hog-shenl =

—

FE{LZ) = 4.23:? MeV (stat+sys)

ATLAS: ATL-PHYS-PUB-2015-024

Large theory uncertainty (~30%) from gg — ZZ
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Constraints on invisible Higgs boson decays

If dark matter (DM) is a thermal relic of the early universe and it is light enough so the Higgs can
decay to it, it leads to invisible Higgs decays

Such decays can be detected through Higgs VBF, ZH or ISR-jet production, or in a model-
dependent way through the coupling fit (e.g., assuming SM couplings to SM particles)

CMS Projection VBF H — inv. (13 TeV)

0.5p™ T 72 Best limit of ~3% on H — invisible

= 0.45F — ECFA16 St =k branching fraction at 3 ab™
= 0.4 EE (reminder: current limit: 24%)
IT : —— ECFA16 S2 1
5 0850 _ ED However, systematics limited, so difficult
s 0.3 —— 1L scaling = extrapolation
E 0.25F . . .
= 0-25 An extrapolation of the combined coupling
8 0.2 [ : fit under SM hypothesis gives
> 0.15[ H — invisible limits of 9%
o 3 ' (13% when including theory uncertainties)
2 0.1F Sk H
o) C \: i ) i i
» 005;_ \\\\\;E ATL-PHYS-PUB-2014-017
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Higgs boson couplings — ATLAS (Status 2014)

Higgs signal strengths (left) and ratios of coupling modifiers (right), compared to current precision (orange)

Conservative extrapolation: does not include improved detector design, large theoretical uncertainties, simplified analyses

ATLAS Simulation Preliminary
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~0.33

Theory uncertainty
limiting in several
cases

Some uncertainties
cancel in ratios

0O 0.05 0.1 0.15 0.2 0.25

Kx
A}\'XY=A (K_Y)
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Conclusions

The LHC and the experiments (ATLAS, CMS, LHCb, and ALICE) challenge the validity
of the Standard Model at the high-energy frontier with ever increasing precision

In order to exploit the full potential of the LHC, massive upgrades are needed for the
accelerators and the experiments

The HL-LHC will make a strong impact on Higgs property measurements. It has
sensitivity to discover rare Higgs decays to yy and Zy, and to study couplings to bosons
and third generation fermions to a few percent precision

Di-Higgs production can likely be seen, but a significant measurement of Higgs self-
coupling seems beyond reach. However, important constraints can be obtained.

Higgs measurements in conjunction with other SM sectors such as diboson and top will
allow to obtain coherent information in the framework of EFT or model extensions of the
SM.

Precision measurements in the SM sector will contribute to these constraints
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