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e’rec'ror

LAr eleciromagnetic calorimeters

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

\\\\\

Pixel SCT TRT LAr Tile MDT RPC CSC TGC Solenoid Toroid

99.5 99.9 99.7 99.6 99.7 99.8 99.6 100 100 99.8 98.8

<___Good for physics: 95.6% (139 o) >

| Luminosity weighted relative detector uptime and good data quality efficiencies (in %) during stable beam
in pp collision physics runs with 25 ns bunch-spacing at Vs=13 TeV for the full Run-2 period (between
July 2015 - October 2018), corresponding to a delivered integrated luminosity of 153 fb™! and a recorded
integrated luminosity of 146 fb™l. Runs with specialized physics goals are not included. Dedicated
luminosity calibration activities during LHC fills used 0.6% of recorded data in 2018 and are included in the
inefficiency. Trigger-specific data quality problems (0.4% inefficiency at Level-1) are included in the overall
inefficiency. When the stable beam flag is raised, the tracking detectors undergo a so-called "warm start",
which includes a ramp of the high-voltage and turning on the pre-amplifiers for the Pixel system. The
inefficiency due to this, as well as the DAQ inefficiency, are not included in the table above, but accounted
for in the ATLAS data taking efficiency.
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CMS Experiment at LHC, CERN

Data recorded: Mon Oct 30 20:31:05 2017 KS
Run/Event: 305862 / 36543714

|Lumi section: 87
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CMS Experiment at LHC, CERN

Data recorded: Mon Oct 30 20:31:05 2017 KS
Run/Event: 305862 / 36543714

L.umi section: 87
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Muon induced shower!
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CMS Experiment at LHC, CERN

Run/Event: 305862 / 36543714
L.umi section: 87
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CMS Experiment at LHC, CERN
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Standard Model Production Cross Section Measurements Status: May 2020
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The Standard Model of Particle Physics

The Standard Model describes the matter particles -
and their interactions, and the Higgs boson
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The Standard Model of Particle Physics

The Standard Model describes the matter particles -
and their interactions, and the Higgs boson

Matter Force
Particles Particles

up charm top gluon Higg

harge - 2/3 u 2/3 C 2/3 t 0 0
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boso \
=~4.8 MeV/c? ~95 MeV/c? =~4.18 GeV/c? 0 \/

113 d 113 S -1/3 b 0
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Sow?w

Higgs boson is a new
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The Standard Model of Particle Physics

The Standard Model describes the matter particles -
and their interactions, and the Higgs boson

Matter Force
Particles Particles
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SM nggs boson production and decay
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@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10

p Time: 13:24:31 CEST
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The Higgs boson mass was the last free parameter of the Standard Model
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Higgs mechanism and the Higgs boson
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Higgs-fermion interactions: Yukawa couplings

® Higgs interactions to vector boson: defined by symmetry breaking
® Higgs interactions to fermions: ad-hoc hierarchical Yukawa couplings«ms
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B Yukawa couplings not imposed by fundamental principle

B Modified Higgs-fermion couplings in BSM scenarios

® Probing fermion mass generation scale—independent task
? Fermion mass generation scale from unitarity bounds:

A = 3.5,23,32,52, 77,84 TeV (t, b,c,s,d,u)

[Phys. Rev. Lett. 59, 2405 (1987); Phys.Rev. D71 (2005) 093009]

Standard Model successful
but matter particle mass
hierarchy unexplained!
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Higgs-fermion interactions: Yukawa couplings

B Higgs interactions to
B Higgs interactions to
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Higgs-fermion interactions: The story so far®
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Higgs-fermion interactions: The story so far®
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Higgs-fermion interactions: The story so far®
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Higgs-fermion interactions: The story so far®
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Higgs-fermion interactions: The story so far®

5117 (7 TeV) + 19.7 b (8 TeV) + 35.9 fo' (13 TeV)
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Higgs-fermion interactions: The story so far®

5117 (7 TeV) + 19.7 b (8 TeV) + 35.9 fo' (13 TeV)
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Higgs-fermion interactions: The story so far*-

5117 (7 TeV) + 19.7 b (8 TeV) + 35.9 fo' (13 TeV)
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CMS Expenment at LHC, CERN
Data recorded: Tue May 31 11:26:24 2016 CEST
Run/Event: 274250 / 1058807020
Lumi section: 543

Orbit/Crossing: 142305803 / 503
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Higgs boson-charm quark coupling

B First search for exclusive Zh—llcc decays, I=e, p
B Search for inclusive h—cc decays, similar to h—bb

» SM BR(h—bbbar) ~

@ c-tagging algorithm
2 c-jets less distinct than b-jets; e.g. x3.5 less displacement
2 First used Run 1 for search for s-charm

[Phys.Rev.Lett. 114 (2015) 161801]
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Higgs boson-charm quark coupling

® Run 2 new ‘“inclusive” c-tagging
2 “Low level” taggers:
* Track Impact Parameter
* Secondary Vertices
* JetFitter: b/c-jet decay chain fit
2 "High level” tagger obtained with BDT

Light-jet rejection

B c-tagging: 41% c-jet eff; 4xb-jet & 20xlight jet rejection
B b-tagging: 77% b-jet eff; 6xc-jet &134xlight jet rejection
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Zh(—cc): Results
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a perspective

PRL120 (2018) 211802

® No evidence for Zh(—cc)

B 95% CLs upper
limit:110%xSM (150+80_40)

® Prospects of reaching
(a fewx) SM sensitivity at
the end of LHC physics
programme
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Zh(—cc):Results

® No evidence for Zh(—cc) production with current dataset PRL120 (2018) 211802
B 95% CLs upper limit:110xSM (150+80_40)

= 0'9; | I T .
o - @ cjets
§ 08:_ ATLAS § b jets
(—% 07; Vs =13 TeV, 36.1 fo light-flavour jets
Source 0 [ Otot g 0 65— 41% efficiency c-tagging working point _E
Statlst.lcal | o 49%0 g _ - .‘WW - _
Floating Z + jets normalization 31% s 0.5F 9 Oigimm’. Lz
Systematic 87 %o " > 0. 4F NS Ny e e Sa
Flavortagg1ng73% .§0 ) |
= Background modeling 47% s F
“Lepton, jet and luminosity | 28% & 0.2 E
Signal modeling 28% -
MC statistical 6%

Jet P, [GeV]

B Single tagging working point constrains linear combination of h—cc/h—bb
2 Analysis in conjunction with h—bb; account for cross-contamination
B Key to future is control of systematic uncertainties
» Phenomenological analysis (2x3000 fb-1) indicates |k¢|s2.5-5.5 at 95% CL depending

on the c-tagging scenario [Phys.Rev. D93 (2016) 013001]
ATLAS HL-LHC projection for Z(ll)H(cc) alone u<6.3 [ATL-PHYS-PUB-2018-016]
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Zh(—cc):Results from CMS

JHEP 03 (2020) 131
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Higgs sectors beyond the SM

® The SM Higgs sector is not the only possible
Merely the simplest one
Extended Higgs boson sectors can be constructed
Possible answers to open questions
With additional SU(2). scalars, doublets, triplets,..
The p parameter puts tight constraints on model viability

A[‘%V Zz Ti(T; + 1) — EYZ?] fv? B ZZ [; — %] 'l-‘z‘-? 1 ) _. tan ﬁ=0.5,lePEII B
Mz L V2 L2 | =k
For SM p=1 (plus small corrections) 01\ . ”‘W ;

and was measured precisely at LEP! - e
(p=1.00039+0.00019) = N B

L 0.01p 2HDM+S ;

® SM+Singlet, 2HDM, 2HDM+S, ... N |
Extending the Higgs sector — more Higgs bosons | x ]
e.g. 2HDM has 5 Higgs bosons: h, H, A, H* — i
® Rich phenomenology \\ (. s
Provided they are kinematically possible, Higgs T s [Gei\'?] 20 50

boson decays to other Higgs bosons are allowed
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Higgs sectors beyond the SM

® The SM Higgs sector is n¢
2z Merely the simplest one
» Extended Higgs boson s
2 Possible answers to op
2 With additional SU(2). 9
2z The p parameter puts tic

Zz. TZ-(TZ- +1)— inz] 1 tan f=0.5, TYPE II

Mg, |
]\[%C‘Z,V ;Zz }22 1’7,2 5 }><::i§;
For SM p=1 (plus small \ s
and was measured preci =
(p=1.00039+0.00 D
2HDM+S -
B SM+Singlet, 2HDM, 2HDN
7 Extending the Higgs secl \J/—L N
2 e.g. 2HDM has 5 Higgs — d
® Rich phenomenology L | e
2 Provided they are kinem: s 1\% 2050
m, [Ge

boson decays to other Hi arXiv:1312.4992
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h—Za—ll+jet

B Experimentally, searches mostly focus on:

? h—aa
> a decays to down-type fermions a Jet

® Novel search: h—Za with a—hadrons
> Major challenge: overwhelming Z + jets background h12s
» a—hadrons reconstruction using sub-structure techniques
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The Shape of the Higgs Potential
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The Shape of the Higgs Potential
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The Shape of the Higgs Potential
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The Shape of the Higgs Potential

‘ -
Ly = D, D'® — 1?01 - A4 (21 D) | | ems pren,
s-w L=2>(0.h 2 - 2)\%2 h2 —')\Uhgl—'—h4l
2 ( M ) 9 ( ) -0 ' 4
AT A L
- +ME,W T (1 + —) + - M2Zuz" (1 + _> |
U 2 [} U
/ H J
------------- : // H\\ //H
>\ — =% o
e \\ H H/’ \\H
: s’ h “000) ---h HH prloductionI at 14 TeV LHC at (N)LO in QCD
A> -h-.// - A §§§§§§§§§ e iPLB 732 (2(01)4) :42(] OC);
QQQ/ Q00 ---h ‘
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@ Another possibility:
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The Shape of the Higgs Potential
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The Shape of the Higgs Potential
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o(pp—HH) [fb]
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Expected 88.8xSM
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Observed 74.6xSM
Expected 36.9xSM
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Observed 31.4xSM
Expected 25.1xSM
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Observed 23.6xSM
Expected 18.8xSM

Combined
Observed 22.2xSM
Expected 12.8xSM
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[Phys. Rev. Lett. 122 (2019) 121803]
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European Strategy for Particle Physics

D)

Major developments
from the 2013 Strategy

A. Since the recommendation in the 2013 Strategy to proceed with the prog
of upgrading the luminosity of the LHC, the HL-LHC project, was approved by the
CERN Council in June 2016 and is proceeding according to plan. In parallel, the |
has reached a centre-of-mass energy of 13 TeV, exceeded the design luminosity,
produced a wealth of remarkable physics results. Based on this performance, cot
with the innovative experimental techniques developed at the LHC experiments a
their planned detector upgrades, a significantly enhanced physics potential is exg
with the HL-LHC. The required high-field superconducting Nb,Sn magnets have
been developed. The successful completion of the high-luminosity upgrade
the machine and detectors should remain the focal point of European partii
physics, together with continued innovation in experimental techniques. Tt
full physics potential of the LHC and the HL-LHC, including the study of flal
physics and the quark-gluon plasma, should be exploited.

B. The existence of non-zero neutrino masses is a compelling sign of new
physics. The worldwide neutrino physics programme explores the full scope of th
neutrino sector and commands strong support in Europe. Within that programme,
Neutrino Platform was established by CERN in response to the recommendation
2013 Strategy and has successfully acted as a hub for European neutrino resear
accelerator-based projects outside Europe. Europe, and CERN through the Ne
Platform, should continue to support long baseline experiments in Japan ai
United States. In particular, they should continue to collaborate with the Un
States and other international partners towards the successful implementa
the Long-Baseline Neutrino Facility (LBNF) and the Deep Underground Neu
Experiment (DUNE).

Experiment (DUNE).

K. Nikolopoulos / Coimbra, 25 June 2020 / Higgs sector: a perspective
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High-priority future
initiatives

A An electron-positron Higgs factory is the highest-priority next collider. For the
longer term, the European particle physics community has the ambition to operate a
proton-proton collider at the highest achievable energy. Accomplishing these compelling
goals will require innovation and cutting-edge technology:

« the particle physics community should ramp up its R&D effort focused
on advanced accelerator technologies, in particular that for high-field
superconducting magnets, including high-temperature superconductors;

« Europe, together with its international partners, should investigate the technical
and financial feasibility of a future hadron collider at CERN with a centre-of-mass
energy of at least 100 TeV and with an electron-positron Higgs and electroweak
factory as a possible first stage. Such a feasibility study of the colliders and
related infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update.

The timely realisation of the electron-positron International Linear Collider (ILC)
in Japan would be compatible with this strategy and, in that case, the European
particle physics community would wish to collaborate.

B. Innovative accelerator technology underpins the physics reach of high-energy
and high-intensity colliders. It is also a powerful driver for many accelerator-based
fields of science and industry. The technologies under consideration include high-field
magnets, high-temperature superconductors, plasma wakefield acceleration and other
high-gradient accelerating structures, bright muon beams, energy recovery linacs.

The European particle physics community must intensify accelerator R&D and
sustain it with adequate resources. A roadmap should prioritise the technology,
taking into account synergies with international partners and other communities
such as photon and neutron sources, fusion energy and industry. Deliverables for
this decade should be defined in a timely fashion and coordinated among CERN
and national laboratories and institutes.
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LHC / HL-LHC Plan Luminosity
. LHC
| Run 1 | | Run 2 | | Run 3
~ 13-14 TeV 14 Tov 14 TeV —
2rey  8TeV | “Bition cotimators. Yo POl e cyohnt |t uC installation et
Riminosty _

R2E project Civil Eng. P1-P5 regions

racanon
damage

Xt ) )
experiment inal Ry " - . | experiment upgrade S i experiment upgrade
beam pipes = phase 1 phase 2

N A e

_Run1 | | Run2 ~ today " Run3 - HL-LHC

CMS Experirment at the LHC, CERN

Ry N XL 25 B A ) = = Datavecorded: 2016-Oct=14 09:33:30,044032 GMT Z z
ot 4&\%35@/ & g = ‘- Run / Event 7L.8; 283171 /85002505 / 195 ~130 vertices
AN A AN e g . /
g \ \ ’m’ 5 J " 2 < ; < - - - = = ~ 2 \ o~
s ~

:

S

:‘ﬁg"% Real-life event with HL-LLHC-like pileup from special run

%\‘«\& ~————§ i 2016-with individual high intensity bunches
NS > :

Z—| |J" can : rt : :
Only good quality tracks with pT>0.4GeV are shown HL-LHC expected: 250 vertices!

“9W  UNIVERSITYOF
K. Nikolopoulos / Coimbra, 25 June 2020 / Higgs sector: a perspective <> BIRMINGHAM 36



Ys = 14 TeV, 3000 fb™ per experiment

|| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental

— Theory Uncertainty [%)]
Tot Stat Exp Th
Ky B 1.8 0.8 1.0 1.3
KW —: 1.7 0.8 0.7 1.3
Ky = 15 0.7 06 1.2
Kg — 25 09 0.8 2.1
K = 3.4 09 1.1 3.1
Kb S 3.7 1.3 1.3 32
K: . 19 09 08 15
Ky = 43 38 1.0 17
Kzy V= 9.8 72 1.7 64

0 002 004 006 008 01 012 014
Expected uncertainty

B Significant improvement in couplings studies
2 Also detailed differential cross-section

measurements
B Higgs self-coupling
40 significance against A=0!
2 0.1<skn=<2.3at95%CL
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Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (llvv) - 0.59 - 0.56
HH — bbZ Z(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6
Combined Combined
4.5 4.0

ATLAS and CMS 3000 b (14 TeV)
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Project CM Energy Int. Lumi. Oper. Time Power
[TeV] [a] \ [MW]
ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU +
150-200) upgrade
0.5 4 10 163 (204) 7.8 GILCU
1.0 300 ?
CLIC ee 0.38 1 8 168 5.9 GCHF
1.5 2.5 7 (370) +5.1 GCHF
3 5 8 (590) +7.3 GCHF
CEPC ee 0.091+0.16 16+2.6 2+1 149 5GS
0.24 5.6 7 266
FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF
0.24 5 3 282
0.365 (+0.35) 1.5 (+0.2) 4 (+1) 340 +1.1 GCHF
LHeC ep 0.060e/7p 1 12 (+100) 1.75 GCHF
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF
D. Schulte Future colliders, LHCP, May 2020
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B Proton collider

Possible scenarios of future colliders B Electron collider
[] Electron-Proton collider
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Standard Model of Elementary Particles

three generations of matter
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Standard Model of Elementary Particles

three generations of matter
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Project CM Energy Int. Lumi. Oper. Time
[Tev] [a”] [yl
ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU +
150-200) upgrade
0.5 4 10 163 (204) 7.8 GILCU
1.0 300 ?
CLIC ee 0.38 1 8 168 5.9 GCHF
1.5 2.5 7 (370) +5.1 GCHF
3 5 8 (590) +7.3 GCHF
CEPC ee 0.091+0.16 16+2.6 2+1 149 5GS
0.24 5.6 7 266
FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF
0.24 5 3 282
0.365 (+0.35) 1.5(+0.2) 4 (+1) 340 +1.1 GCHF
LHeC ep 0.060e/7p 1 12 (+100) 1.75 GCHF
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF
D. Schulte Future colliders, LHCP, May 2020

K. Nikolopoulos / Coimbra, 25 June 2020 / Higgs sector: a perspective

Cms energy [TeV] 14
Int. L., 2 det. [ab™] 6

Operation [years] 12
L [1034cm2s1] 5
Circumference 26.7
Arc dipole field [T] 8
Bunch dist. [ns] 25

Backgr. events/bx 135
Bunch length [cm] 7.5

27
15
20
16
26.7
16
25
440
7.5

100
30
25

20-30
97.75
16
25
<1020

75

10
100
12
25

7.55

HE-LHC is not cheap and has similar challenges

than FCC-hh

Physics case appears less interesting
Note: “low”-field NbTi magnets in FCC tunnel
were looked at, but cost saving is limited, and
energy compromised significantly (< 40 TeV)
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MET reconstruction in CMS

<§ 1
<
o8r ECAL pulse PF cluster PU Jet ID Flavor
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i ‘ reconstruction and tagging
i calibration
02l
ol
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S
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E E 100
> 50
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Sample Clock Time (bins)

-100

Track
reconstruction

W/t/Z/H
tagging

-150

. (PP I
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typel correction

M. Dordevic, Univ. of Belgrade, LHCP2020
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Higgs boson-charm quark coupling

Search for inclusive h—cc decays, similar to h—bb
» SM BR(h—ccbar)/BR(h—bbbar) ~ 5.1%

BFirst search for exclusive Zh—licc decays, |=e, u

Need a c-tagging algorithm

2 c-jets less distinct than b-jets; e.g. x3.5 less displacement

2 First used Run 1 for search for s-charm
[Phys.Rev.Lett. 114 (2015) 161801]
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Higgs boson-charm quark coupling

g V0 T
B Run 2 new “inclusive” c-tagging o - > [ ATLAS Simulation Preliminary
(11 1} —_— racks Je @ E )
2 “Low level” taggers: \ S [ s=13TeV,ff —pjes
------ b hadron < 107'g il —-Cjets
- L - Light-flavour jets

* Track Impact Parameter | P
------ impact 102 :

* Secondary Vertices parameter ]
* JetFitter: b/c-et decay chain fit °

J28 secondary

2 “High level” tagger obtained with BDT vertex 107
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Higgs boson-charm quark coupling

® Run 2 new ‘“inclusive” c-tagging
2 “Low level” taggers:
* Track Impact Parameter
* Secondary Vertices
* JetFitter: b/c-et decay chain fit
2 "High level” tagger obtained with BDT

Light-jet rejection

B c-tagging: 41% c-jet eff; 4xb-jet & 20xlight jet rejection
B b-tagging: 77% b-jet eff; 6xc-jet &134xlight jet rejection

b-jets
2T 3 g T T 1310°
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ATLAS-CONF-2017-078
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Events / 10 GeV
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Zh(—cc):Background Composition
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300

300

2 c-tags

®Background modelling &
uncertainties validated
with Z(Z/W) measurement
2z Observed (expected) ZV
production at 1.40 (2.20)
» Measured ZV signal
strength=0.6%0-5¢ 4

1 c-tag
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Zh(—cc):Fit Results
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ptZ > 150 GeV
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Zh(—cc):Results

® No evidence for Zh(—cc) production with current dataset PRL120 (2018) 211802
Limits on ZH(— cc) production
BSM: 2.55%x10-2 pb 95% CLg upper limit on o (pp — ZH) x B(H — c¢) [pb]
2110%SM (150+80.49) Observed | Expected | Expected +10 | Expected —1o
2.7 3.9 6.0 2.8
Source O [ Tot 0.9+ :
Statistical 49%0 20.8F ATLAS
Floating Z + jets normalization | 31% S o7 - TeTev.6 1 §
Systematic 87 ... " g6 417 ctieney clagaing working pon E
i Flavor tagging 73% Y 5 sf R R
: Background modeling 47 % / EO'SE ’%&?{%ﬁ%ﬁ:ﬁ{:}gﬁgtﬁ& E
:"'I'L'é'p"t"dﬁ"'jé't"éiii'c'i"l'iiiﬁi'ii'c'i's'i't'j}"'""'"" g g 0457 R LR
> £0.35 o
Signal modeling 28% g F
5025 =
MC statistical 6% -
The sum in quadrature of the individual components differs from the total 05500150200 250 3:00

uncertainty due to correlations between the components. Jot P, (GeV]

® Single tagging working point constrains linear combination of h—cc/h—bb
2 Analysis in conjunction with h—bb; account for cross-contamination

B For future key is controlling of systematic uncertainties
Phenomenological analysis indicates |K¢|<2.5-5.5 at 95%CL

7z 2x3000 fb-' depending on the c-tagging scenario [Phys.Rev. D93 (2016) 013001]
2 ATLAS HL-LHC projection for Z(ll)H(cc) alone u<6.3 [ATL-PHYS-PUB-2018-016]
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Exclusive Decays h—Qy

® h—Qy decays: clean probe for Higgs-quark couplings for 1st/2nd generation quarks
2 Q is a vector meson or quarkonium state

B Two contributions:
2 Direct amplitude: sensitive to Higgs boson-quark couplings
2 Indirect amplitude: insensitive to Higgs boson-quark couplings; larger than direct
? Destructive interference

“Direct” “Indirect”
4 1%
—ptq
Hommees p+q
p+q+Dp, R
K v
D(H = J/$+7) = [(11.9+0.2) — (1.04 + 0.14)x,|* x 107° GeV

Phys.Rev. D90 (2014) 11, 113010

BSimilar decays of Wxand Z bosons: also rich physics programme
2 Novel precision studies of quantum chromo-dynamics
2 W=*/Z boson interactions with light quarks not well covered at earlier facilities
2 Discovery potential for new physics processes g0 UNIVERSITYO!
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Exclusive Decays h—Qy

Substantial interest from theory community on branching ratio estimates and feasibility

Mode Branching Fraction [1()_6]

Method NRQCD [1487]  LCDALO[1486]  LCDA NLO [1489]
Br(h — p) - 19.0+ 1.5 16.8 & 0.8
Br(h — w) - 1.60 & 0.17 1.48 & 0.08
Br(h — ¢v) - 3.00 +0.13 2.31 +0.11

Br(h — J/¢ ) - 2.79 018 2.95 + 0.17
Br(h — T(15)7) | (0.61y&1) - 1077 - (4.617135) 1077
Br(h — Y(25)7) | (2.02715%) 1073 - (2.347385) - 1078
Br(h — Y(35)7) | (2.441%) 1073 - (2137915) - 107°

PRD90 (2014) 113010

PRL 114 (2015) 101802

JHEP 1508 (2015) 012

Decay mode

Branching ratio

Not exhaustive;
accurate at the
time of YRA4.

e.g. Phys.Rev. D95 (2017) 054018
Phys.Rev. D96 (2017) 116014
Phys.Rev. D97 (2018) 016009

Z0 — 19y 1 (9.80F
Z° = p'y
70 — wry
Z° = ¢y

Z° = Jjy (

79— T(15)~y (

7% — T(4S)~ (

ZY = Y (nS)~ (

0.09
0.14 p

8.02+31 4+0.20, 5%

5.39 7010 . £ 0.08; )08
1.22 7005, £ 0.137 5

—0.02
9.96 015, £0.09, 1520

—0.15

+0.03; £ 0.61,, +0.82,,) - 10712
(4.19 7008, £0.16; 4 0.24,, 4+ 0.37,,) - 1077
(2.89 7002 . £0.15; 4 0.29,, 4+ 0.25,,) - 1078
(8.63 1005 . £0.41; 4 0.55,, 4+ 0.74,,) - 107°

,)-1078
,) 1078
,)-1078
5) - 1078
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h/Z—@p(mS)y m=1,2 and h/Z—Y(nS)y (n=1,2,3)

BRun 1: Non-universal quark-Higgs boson coupling

[Phys.Rev.Lett. 114 (2015) 12, 121801, Phys.Lett. B753 (2016)
341, Phys.Rev. D92 (2015) 033016, JHEP 1508 (2015) 012]

BENew results with Run 2 data, including also g’

pt'! > 18 GeV

_I;,_Lsub lead > 3 GeV

PTup >34-54 .4 GeV
[function of myuy]

Ap(M,~) > w/2

Photon Selection

m ‘Tight” photon ID

requirements . .
9 Di-muon Selection

Isolated in both tracker
and calorimeter

" m Oppositely charged pair of muons

m Isolated in tracker (accounting for
neighboring muon track)

7 > 35 GeV .
Pr > m L/oL, <3 toreject b — 1(nS)

5 O 1 ._II T TTTT TTTT TTTT IIII|AITZIAIISIg.I TT ||I T I.I | T II_' 1I_'_| 0.04 7_| — | — | — | T | — | — | T | T ’t 1I_;| :I T T T 1T T TT | T T | T T | T T | T | T T l:

s L mulation 3 g ATLAS Simulaton | ® oo7L ATLAS Simulation

%) - H— Jyy 1 G, 0035~ .. p" 4 G, % 7 s J) N

GCD i H— Y(nS)y | e Fl T H—=Jhpy ] o : u2 i v .

5008~ . T 8 o0o03fi | "Before selecton | © 908 Pr ___ Before selection

I Before selection | < : . After selection i 5 0.05 5 After selection B

5 7/ After selection 1 ~ 0.025F p -1 = T ul .

0.06 5 - Z g T ] £ SR 8 :

. . o : 4~ 0.04F : 7

: i e P, z L R z

0.04|- - 0.015F A - 0.3 E

- : : : E :

: - 0.01 3 002 | E

0.02+ — - ’ SRR .

: 1 0.005 [ ) = 00107 E

0 Wit . \.\\;\\\ """"""" 0 b R SN poteirrs 0 SN s S e A .
0010203040506070809 1 0 20 40 60 80 100 120 140 160 0 20 40 60 80 700 120 140 160

AR, p. [GeV] p_ [GeV]

Phys.Rev.Lett. 114 (2015) 121801 Phys.Lett. B786 (2018) 134 T UNIVERSITTYOF
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Signal o/xe

2 hlZ—J/Y(—up)y
~19% (11%)

P h/Z—Y(—pu)y
~ 23% (16%)
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h/Z—p(MmS)y m=1,2) and h/Z—>Y(nS)V (n=1,2,3)

>

> I 1 3
S ool + Data ATLAS 18
g. - — Fit (s=13Tev,36.1f0" | 5
2 I N ~
> . nS Region: GR 1 ®
fé’ 800—_Dw( ) P(nS) y channel | GC)
2 Z.BaCkgrou"d A o=54=1MeV 1 3
" 600 -

I | Jy :
4001 -
200:— _

0 ]
2.0 2.5 3.0 3.5 4.0
Phys.Lett. B786 (2018) 134 M, [GEV]

® Mostly no categorisation
2z ATLAS Y(nS): 2 u categories
z CMS ZJ/y: 3 y categories

® Mass resolution ~1.6-1.8%

100

(0]
o

60

40

0
8.

- CD
[t Data ATLAS 1 9120
L Fit \s=13TeV, 36.1fb" g
N == Y(nS) Region: GR i E 100
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[ Y(1S)o,5 =105 18 MeV |
- Y(28) 190
[ | 40

0 85 9.0 9.5 10.010.511.011.512.0
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H—>J/1py—>upw 2016 35.9 b (13TeV)
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h/Z—Qy: Background

® Inclusive quarkonium with jet “seen” as y S | VATLAS .
» combinatoric background: small contribution B 250 Region: GR' 33'&5%
2 contribution fr_om Q+y p_roductlon 2 200 B ound model

® Non-parametric data-driven background model 2 AL Nooe uncertainty

2 Obtain loose sample of candidates 150

? Model kinematic and isolation distributions 100
2 Generate “pseudo”-background events
2 Apply selection to “pseudo’-candidates
B CMS: polynomials for background model

50

="
T, ¥

2 15
- -o
B Peaking backgrounds g 10
. . = Ty ]
2 Z—uuYrsr from side-band fit § 50 100 180 200 250 300
m . - e
why
B H—>puyFsR (smaII contrlbutlon Wrt other backgrounds)
> — ' 7 > 180T T = > F L S B I
3 1405 ATLAS 41 3 F ATLAS 1 & 180F ATLAS -
o - {s= 13 TeV, 36.1 fb” 1 oS 160 \s= 13 TeV, 36.1 fb” 4 o n {s= 13 TeV, 36.1 fb" .
B 1200 \ Region: VA1 wnsy - B raof Region : VR2 (nS)y | 8160- Region : VRS y(nSy
> N j + Data 1 - ¢ Data S 1401 ; + Data —
< 100~ % = gall:cé(%round model -0 £ 120 ! e Eachground model 434 £ 120: e ?aFcé(%round model ]
o - 7 . ) C /) ] o — L —
AT 80:— é #### Model uncertainty _: AT 100 wzzz Model uncertainty - AT 100:_ /Ev w# Model uncertainty E
601 = 80F E 80F f -
- . 60 e 60 =
40 - - . = .
B i 40— - 40 -
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h/Z—Qy: Results

> 50
Q)
O
S 40
S
%
o
S 30
L

20

10

¢ Data ATLAS

= ga:ggm””d fit (s=13 TeV, 36.1 fb"

[ Combinatoric 86 < My < 96 GeV
[Jy(nS) background

[MB(Z— Jhpy)=2.3x10°

[[1B(Z— ¢(2S)y)=4.5x10"°

2 22 24 26 28 3 32 34 36 3.8 4 42

PLB786 (2018) 134 My [GeV]

B Maximum Likelihood fit
2 ATLAS: myuy, Myy
2z CMS: mypy,

B No significant excess above
background observed for J/yp, @p(2S)
and Y(ns) final states

Events/0.05 GeV

Events/ (2 GeV)
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h/Z—Qy: Results

> i N L I A 7 > n L A ]
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h/Z—Qy: Results

ATLAS CMS
Branching fraction limit (95% CL) | Observed | Expected | Observed | Expected
B(H — J/¢v)[107%] 3.5 3.0158 7.6 5.2+2:4
B(H — ¢ (25) v)[107] 19.8 15.675 7 i i
B(Z = J/)[107°] 2.3 11793 1.4 1.6107
B(Z — ¢ (25) v)[107°] 4.5 6.0727 i i

Branching fraction limit (95% CL) | Observed | Expected
B(H — T(18)~)[10~* 4.9 5.0724
B(H — Y(25)v)[ 1074 5.9 6.2157
B(H — Y(35)7)[107* 5.7 5.0122
B(Z = Y(15)~)[107%] 2.8 2.8752
B(Z — Y(25)~)[107%] 1.7 3.81719
B(Z — Y(35)7)[107° ] 4.8 3.007%

B Substantial improvement with respect to Run 1

2 Expected limit improved by factor 3-4 for Higgs and by 60-80% for Z
B Current limits imply: -165<k:<200
2 Predictions on the direct amplitude have been revised downwards as a function of time

c.f Phys.Rev. D96 (2017) 116014 — PRD90 (2014) 113010
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h/Z—@yl/py: Analysis Strategy

B First search for h/Z—oy with 2.7 fb-1@13 TeV from 2015 [Phys. Rev. Lett. 117, 111802]

® New results with up to 35.6/fb

, added h/Z—py [HEP 1807 (2018) 127]
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h/Z—@ylpy: Analysis Strategy

B First search for h/Z—oy with 2.7 fb-'@13 TeV from 2015

¥ T T T T T T T T T T T T I T T T T l T T T T
B New results with up to 35.6/fb, added h/Z—py S 0.08 ATLAS Simulation
B Distinct experimental signature £ 0.07 ”*B“;Y -
1 berore selection
B Collimated high-pT isolated track pair recoils vs high-pT isolated photon L%’ 0.06 Aﬂer celoction
B Meson decays:
0.05

2 p—K*K-, BR=49%
2 p—T1rt1m, BR~100% 0.04

IIIII||II|I||||III||IIII||I|||IIII|IIII|I|

B Small opening angles between decay products 0.03
2 Particularly for p—K*K- 0.02
2 Tracking in dense environments 0.01
R S R P
% 001 002 003 004 005

Phys. Rev. Lett. 117, 111802 AR,
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L1 Trigger Rate [kHz]

h/Z—@ylpy: Trigger Strateqgy

Trigger rates (July 2016) LHC fill with peak luminosity 1.02*1034cm-2s-1 and <p>= 24.2

@1 Trigger Total Output [@Main Physics Stream
(T T 7 T ] l.l L L |-| L DL :Sing}eMUON szoo——l T T T l.l U L ].. LI B B I :'\SAinIg.ITwMu:ns
- ATLAS Trigger Operation Sgla B L - ATLAS Trigger Operation e Single Elottrons
1200 4 Group Rates (with overlaps) o Multi EM 2 2000 HLT Physics Group Rates  Muli Electrons
" pp Data July 2016, ys= 13 TeV oSingle JET S 1800 (with overlaps) oMo Jors
100~  Missing Trans. Energy | 5 4 o 1B DD Data July 2016, ys= 13 TeV SDets e, Eneray
@ Combined 8 1400 .Er.::ons
80 ] |: @ B-Physics
— 1200 » Combined Objects _
60 T 100035—_ =
40 800 _
600/ e e - g
x —— " S
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0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Luminosity Block [~ 60s] Luminosity Block [~ 60s]
MEnabled by dedicated trigger items
2z Modified 1-lepton algorithms
2 Activated: 9/2015 (¢@y) and 5/2016 (py)
2 Efficiency ~80% w.r.t offline selection _
- O
ILevel-1: Isolated EM object g
iy

zLowest pT unprescaled EM object
MHLT: Collimated/isolated high-pT track
pair recoiling against high-pT photon
2 Isolated di-track (leading pt>15 GeV)
consistent with Mmeson
2z Photon (pt,>35 GeV)
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B Two-level trigger system

zLevel-1: Hardware-based
2z HLT: Software-based
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Event Selection

Photon Selection

m Tight" photon ID
requirements

m Isolated in both tracker
and calorimeter

Ap(M,~) > w/2

p!I?ad trk. > 20 Gev
p_sl_ub—lead trk. > 15 GeV

Track Pair Selection

m Oppositely charged pair of tracks
(no w/K/p ID applied)

m Isolated in tracker (accounting for

¥ : :
pr > 35 GeV neighboring track)
40 GeV, for my,, < 91 GeV
p > { 40 +5/34 x (mp, — 91) GeV, for 91GeV < my, < 140 GeV
47.2 GeV, for mp;, > 140 GeV
JHEP 1807 (2018) 127
3000 " " TR T R TR 510000 """"'('"')"'E
ol T Ry 1 B e
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model/validation

@ Background model:

same approach as in
h/Z—yp(mS)y and
h/Z—Y(nS)y

B Validation: also side-
bands in ¢/p mass
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Results

> T ]
(O] | 7 | > 1000— [ | et L]
S 250[- ATLAS = S ATLAS -
2 } hIZ—>(PY \s=13 TeV, 356 b . = :' h/Z—>PV {5=13 TeV, 32.3 b |
Paol il 1 g -
- _ L | _
150 | ¥ — 600~ .
100 / ¢ Daa ! 400
B — Background Fit 1o - = Background Fit £1o
— -Background B B
- _4810° L ] Background
" e 200 v s
[ ] Bz—py)=25x10
£ ++ 2 ++++++ it = 2
5\2 0.8 ++ Y ++ * ++ ; +++ + t = 1}++++++++¢¢¢¢¢¢¢¢,¢¢,‘¢¢¢”¢*¢,‘ %% ¢¢’¢ :¢¢¢¢+*¢¢¢¢¢+++"++*’
S - & 0.8F "
- 80 % 100 10 1'?2 ;é(;\/] 3 80 90 100 110 120 130
: L . e My [GEV]
®Final discriminant is mkxyand Memy f :
BNo significant signal observed | Pranching P;acmon I[Jlil(l)lt4(?5% ) Ef;itsd Obzegvei_
. . . | — B _1 .
B 95% confidence level upper limit | B((Z ::Y)) 106 . 3+;§ 0
. . . . T — B _ .
2 CLs with profile likelihood test statistic ! 1
_y . : B(H — py)[1074] 8.475 ] 8.8
2 Limit on production cross-section | i
. . . B(Z = py)[107] 3375 25 /T
times branching ratio SREr T80T BoTe T f =
P h—>(PY <253 fb x3 improvement in expected limits V\jith
B h—>pY < 45 5 fb respect to 2.7/fb result [PRL 117, 111802]
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HL-LHC and beyond

LHC / HL-LHC Plan

€

IL-LHC installation

=

experiment upgrade phase 2

High
Luminosity
LHC

14 Tev

5to7x
nominal

energy

luminosity
—_—

s (111 ”

LHC
LS1 EYETS 14 Tev
13-14 TeV -
injector upgrade
plice ccns_ulidaiion cryogenics Point 4
rrev I RS = e
— collimation
CII EER TEN E TER EE T
radiation
damage
75% 2 x nominal luminosity A4
nominal nominal luminosity I TR iR de |__———————|
luminosity [ experiment beam pipes |/__ phrase 1
| Runl | Runli | today | Run lll

® HL-LHC is a Higgs boson factory

z O0(200M) Higgs bosons produced

BHL-LHC projections for h/Z—J/ypy

luminosity

| HL-LHC

2 Simple and, relatively, clean final state
2z Small branching ratio, few events expected
2 At SM sensitivity h—pduyrsr contribution
~3xh—J/py and (Z—puyrsr for Z)
2 Sensitive to “anomalous” h—yy; use ratio
® Future colliders: leap in Higgs production rate

z FCC-hh 100 TeV 20/ab: 6(15G) Higgs bosons

K. Nikolopoulos / Coimbra, 25 June 2020 / Higgs sector: a perspective

ATLAS-PHYS-PUB-2015-043

Expected branching ratio limit at 95% CL
BH - J/yy)[107] B(Z = J/yy)[1077]
Cut Based Multivariate Analysis Cut Based
300fb~! | 185*%) 153*% 7.0%570
-1 24 +19 +1.9
3000 fb 55424 44+ 4477
Standard Model expectation
B(H - Jpy)[107°] B(Z > Jyy)[1077]
29+ 0.2 0.80 = 0.05
3
o 10°E EE
o F ¢
@) - %
10°E -
e\ L\ VO O =S
E e T =k
10 N -- '_’,_:.’-—-"l‘_‘:.'.':-'-':_"".‘\—:
= oQCP) .- P L 3
- Y e B Ry S o B
u "?f—(}(}'—g\\m QCP)..= =" LAt IU L -
----- WONLE =Gy el o
e e 0T =
. Y e o) -
- - - - ’,;’\j’ 0_00\ e _\’\\:\(\\\\’O OC .
B "’,;7&\'\\ T 7
10727 E
E M,=125GeV =
B MSTW2008 7]
102 .- =
- I‘ | | | | | | | | | | | | —
7 8 910 20 30 40 50 60 7080 107
\'s [TeV]
1 UNIVERSITYOF
¢y BIRMINGHAM 67




Associated production

® For HL-LHC pp—hc could be used pp—ch(—yy) 3000 fb-!

2 with high purity Higgs bosondecays «. o 025 05 075 1 125 15 175 2
> SM cross section o(pp—hc)~166fb ¢ 874 877 885 899 917 941 973 1008 1052
B Main backgrounds are
»pp—hg (0~12pb), pp—hcec (~55fb), k. 225 25 275 3 325 3.5 375 4 425 45
2 pp—hb (0~200fb) S 1097 1148 1206 1276 1350 1424 1504 1590 1683 1786
® Phenomenological study suggests:
»2x3000 b1 |ke|=2 at 95%CL

Phys.Rev.Lett. 115 (2015) 211801

[pT>20 GeV, |nj|<5, DR(j1,j2)>0.4, £:=0.4, £9.c=1%, €b-c=30%)]
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Wh production asymmetries

® Derive constraints on Higgs boson-quark u, ¢
couplings through asymmetry in Wh production
z SM o(W*h)/o(W-h) = 1.56

B Phenomenological study of Wh—>WWW-—|2vltvjj
for HL-LHC suggests the following constraints:

kg < 1270, Ky < 28600, ke < D3, Ke < O

Fg< 124, FR,<134, FRy<1.03,  F.<1.14,
JHEP 02 (2017) 083

|
A
>

0.3

{/

0.2 down
strange

0.1 charm Direct Higgs
width

Inclusive 4 at NLO QCD
[0(W*h)-a(W-h)]/[c(W*h)+a(W-h)]

0.0 I
Expected 95% statistical uncertainty

3ab™! LHC

-0.1

0.5 1.0 5.0 10.0 50.0 100.0

%/ 00 UNIVERSITYOr
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Ratio to prediction

K. Nikolopoulos / Coimbra, 25 June 2020 / Higgs sector: a perspective

Kinematic distributions

008
i JHEP 1612 (2016)045 o | ®@ Derive constraints on Higgs boson-quark couplings
& 0061 r=1] through the Higgs boson kinematic distributions
S 004! “=*| P Forexample pTh or yn |
s | @ Phenomenological study suggests that couplings to up-
002F 1L and down-quarks could be constrained to <0.4 of the b-
. 00: — = quark Yukawa at HL-LHC.
0 20 40 60 80 100 PRL 118 (2017) 121801, JHEP 1612 (2016) 045, arXiv:1608.04376
prlGeV]
CMS Preliminary 35.9 fb (13 TeV) BR freelv floati
08 y floating .
- CMS-PAS-HIG-17-028 ;51> 600) /250 Constraints only from shape ® Inputs: h—vyy, h—ZZ—4l
12—55{ i=al E Ao(p!!>200) /120 normalisation profiled 13 TeV and 35.9 fb-
o1l P { roler>600 1250 - CMS Prefiminary  35.9 b (13 TeV) boosted h—Dbb sensitivity
? + Combination H 4 . ':Eon.wlzarien — ) : z pTH>35O Gev not Used
ot I e e oo BEMADGRAPH5 aMC@NLO
10°h | ey f o U i ggF reweighted to NNLOPS
B s | U T .| © ®PT spectra w/ light quark
ot 0Oz 17002 iH o . effects from PRL 118 (2017) 121801
B S H ey ot ST o L o
< . T | @ Limits on kcat 68% CL:
J;E I il 305+89stfi: _WSM_ 20 —1o | Observed: (-180,229)
a . -30- S 7 S S
0E a0 aE a0 iz o0 g0 oo w00 740720 020 40 60 Expected: (- 15.7,19.3)
H Ke
pH (GeV)
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Searching for light DM: Quenching Factor

Quenching factor: fraction of ion kinetic energy dissipated in a medium in the form of
lonization electrons and excitation of the atomic and quasi-molecular states.

—h
)
o

90
80
70

lonization quenching factor [%]

60 =

—Ne'inNe -

50 Srin S -

ére+IPnACEe E

40F ~Xe'inXe -

30 -

L -

108 E

o L e
(I)Dlot by I. thsioulas 4 0 Ene?gy [ke\}_o

® Direct detection experiment using light gases as target (H, He, Ne)
Better projectile-target kinematic match
2 Favourable quenching factor

10 UNIVERSITYOr
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The ATLAS detector

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks

are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition
Radiation

Tracking Tracker
Pixel/SCT detector
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The Large Hadron Collider

70 [ I I [ I [ I I [ [ I

ATLAS Online Luminosity
— 2011 pp {s=7TeV
— 2012pp {s=8TeV
— 2015 pp ¥s=13TeV
—— 2016 pp Ys=13TeV
—— 2017 pp {s=13TeV
m— 2018 pp s =13 TeV

D
o

Delivered Luminosity [fb™]
(@)
o

40

30

20 %

10 3
0 | | | {/I”_”I' )
e A B oct

"-H - l l I I I l I ' I I | I l l I I I l I l I I I l I ] — — T T T 1T 17T | L T 11 | L 1T 17T 1T 171 1T 17 4+
o " ATLAS Online Luminosity ~ /s=13Tev - = B00FT T T T T
E 25 « LHCStable Beams - L - ATLAS Online, 13TeV  [Ldt=146.9fb " .

8 ~ Peak Lumi: 21.0 x 10¥ cm?2 s ] 8 500 2015: <p>=13.4
o 2oL ‘. . - o N ] 2016:<u>=251 ]
— — s o A; ~ 2 400 0 2017:<u>=378 ]
i - s o ‘w; . ;,ﬁ ‘:ﬁ, 3 We £ - 2 00f ] 2018:<u>=36.1 -
@ 15— ¢, s o £ - [ Total: <u>=33.7
< N « ° . § 3 300 ~
= ~ Y L ] © — .
§ 10 b4 . . ] g B ]
= " % . ° 7 o 200— —
S - ot * e e B[S 3 - .

- o — N

- 5_ o ) —g-. o B ] ?
cxu - + g . -5 100 — 1%
o B » s B i
- Ol eyl S wel . lga g 0 1
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Higgs boson and electroweak fit

Common coupling scaling for all Fermions (kr) and for all Bosons (kv); no BSM contributions

Combination of ATLAS and CMS results. Average neglects correlations.

L 1 .8 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

o - _

1.6 — . LHC experiments . EW-fit + LHC experiments |

B 68% and 95% CL fit contours 68% and 95% CL fit contours

B [» =3 TeV] _

1.4 | * Standard Model prediction & Fit minimum ]

1.2 — —

10— -

0.8 — _

B H ]

B Kv .-~ Kv _

0.6 — _

- Z/W ZIwW .

B ZIwW _

0.4 — —]

- fitter[&]:

O 2 B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
0.7 0.8 0.9 1 1.1 1.2 1.3

Ky

Global EW fit still more precise for kv than Higgs boson measurements
Kv>1 preferred (many BSM scenarios require ky<1)
Global EW fit has ~ no effect on determination of kr

f; Experlmental information on Yukawa coupllngs essentlal to
.}l fully characterlze the observed nggs boson'

"4 UNIVERSITYOr
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Zh(—cc):Event Selection

BFirst search for exclusive Zh—llcc decays, |=e, u
»Main backgrounds: Z+jets, Z(W/Z2), ttbar

Z — ¢t¢— Selection H — cc Selection
m Trigger with lowest available pt L Cons.ider an'Fi-kT R — 0.4
single electron or muon triggers calorimeter jets with || < 2.5 and
pr > 20 GeV

m Exactly two same flavour

reconstructed leptons (e or p) m At least two jets with leading jet

pr > 45 GeV
m Both leptons pr > 7 GeV and at

least one with pr > 27 GeV m Form H — cC candidate from the

two highest pt jets in an event
m Require opposite charges

(dimuons only)

m 8l < my < 101 GeV

m At least one c-tagged jet from
H — cc candidate

m Dijet angular separation AR;;
m pf > 75 GeV requirement which varies with p%

B Split events into 4 categories
» h—cc candidates with 1 or 2 c-tags
? ptz above/below 150 GeV

10 UNIVERSITYOr
BB
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Exclusive Decays h—Qy

Substantial interest from theory community on branching ratio estimates and feasibility

Mode Branching Fraction [1()_6]

Method NRQCD [1487]  LCDALO[1486]  LCDA NLO [1489]
Br(h — p) - 19.0+ 1.5 16.8 & 0.8
Br(h — w) - 1.60 & 0.17 1.48 & 0.08
Br(h — ¢v) - 3.00 +0.13 2.31 +0.11

Br(h — J/¢ ) - 2.79 018 2.95 + 0.17
Br(h — T(15)7) | (0.61y&1) - 1077 - (4.617135) 1077
Br(h — Y(25)7) | (2.02715%) 1073 - (2.347385) - 1078
Br(h — Y(35)7) | (2.441%) 1073 - (2137915) - 107°

PRD90 (2014) 113010

PRL 114 (2015) 101802

JHEP 1508 (2015) 012

Decay mode

Branching ratio

Not exhaustive;
accurate at the
time of YRA4.

e.g. Phys.Rev. D95 (2017) 054018
Phys.Rev. D96 (2017) 116014
Phys.Rev. D97 (2018) 016009

Z0 — 19y 1 (9.80F
Z° = p'y
70 — wry
Z° = ¢y

Z° = Jjy (

79— T(15)~y (

7% — T(4S)~ (

ZY = Y (nS)~ (

0.09
0.14 p

8.02+31 4+0.20, 5%

5.39 7010 . £ 0.08; )08
1.22 7005, £ 0.137 5

—0.02
9.96 015, £0.09, 1520

—0.15

+0.03; £ 0.61,, +0.82,,) - 10712
(4.19 7008, £0.16; 4 0.24,, 4+ 0.37,,) - 1077
(2.89 7002 . £0.15; 4 0.29,, 4+ 0.25,,) - 1078
(8.63 1005 . £0.41; 4 0.55,, 4+ 0.74,,) - 107°

,)-1078
,) 1078
,)-1078
5) - 1078
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Kinematic Distributions

JHEP 1807 (2018) 127

>
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G 0.1 4o ATLAS Simulation N
S : pT : H-> ¢y :
2oosl ¢ e socton |
Lﬁ B [ After selection §
0.06 /i - -
i 5: pT_:__:_I p‘T( i
0.04F {{ i .
- E: . I' ' |
0 _'-' = 'I--I 1R wg;«{/////%ﬂ,%?&yfﬂq —|-':.--'L"T';t'i-x--:-J--.-._.
0O 20 40 60 80 100 120 140
p. [GeV]
> 008 I L B
T ATLAS Simulation ]
g 007:— pflt_z o oy .
£o06- | | Before selection
T i F _) After selection .
- 005 ‘_ ::_ $ o ]
0.04H L E
2 i Py 1
0.03F EE) E
0.02f _f
0.01F o E
0 :"- A S : RRREH '--- e TN R ttre T TP -
0O 20 40 60 80 100 120 140

JHEP 1807 (2018) 127

p. [GeV]

JHEP 1807 (2018) 127

> 0 24_—' T | T T 1T | L | T T 1T | T 1 1 | T T 1 | T T 1 1__
& 022F K2 ATLAS Simulation E
Y oo2p T Z ¢ E
2018 i " Before selection
L%D 0.1 62— | After selection _i
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Phys. Rev. Lett. 117, 111802 My [GEV]

K. Nikolopoulos / Coimbra, 25 June 2020 / Higgs sector: a perspective

B No categorisation

B Mass resolution ~1.8%

B Signal Model

2z Higgs: double Gauss
2 /Z:. double Voigt with eft. corr.
B Signal Systematic Uncertainty

Source of systematic uncertainty

Yield uncertainty

140

Total H cross section 6.3%
Total Z cross section 2.9%
Integrated luminosity 3.4%
Photon ID efficiency 2.5%
Trigger efficiency 2%
Tracking efficiency 6%
UNIVERSITYOF
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Exclusive Decays: Signal uncertainties

Source Signal Yield
of Uncertainty [%]
Uncertainty o/p P /T
H Signal Modelling 6.3 7.2
Z Signal Modelling 2.9 5.7
Integrated Luminosity 3.4 2.1
Photon ID Efficiency 2.5 1.4
Trigger Efficiency 2.0 2.0
Tracking Efficiency 6.0 —
Muon ID Efficiency — 2.8

K. Nikolopoulos / Coimbra, 25 June 2020 / Higgs sector: a perspective
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Exclusive Decays h—Qy

® h—Qy decays: clean probe for Higgs-quark couplings for 1st/2nd generation quarks
2 Q is a vector meson or quarkonium state

B Two contributions:
2 Direct amplitude: sensitive to Higgs boson-quark couplings
2 Indirect amplitude: insensitive to Higgs boson-quark couplings; larger than direct
? Destructive interference

“Direct” “Indirect”
4 1%
—ptq
Hommees p+q
p+q+py H--neee
BR(h—J/py)~2.9 10
K v
D(H = J/$+7) = [(11.9+0.2) — (1.04 + 0.14)x,|* x 107° GeV

Phys.Rev. D90 (2014) 11, 113010

BSimilar decays of Wxand Z bosons: also rich physics programme
2 Novel precision studies of quantum chromo-dynamics
2 W=*/Z boson interactions with light quarks not well covered at earlier facilities

2 Discovery potential for new physics processes 99 UNIVERSITYOF
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h/Z—@p(mS)y m=1,2 and h/Z—Y(nS)y (n=1,2,3)

p'? > 18 GeV

Photon Selection = A®(M,~v) > 7/2 ptslead 3 GeV

m "‘Tight” photon ID

requirements . .
9 Di-muon Selection

m Isolated in both tracker

_ m Oppositely charged pair of muons
and calorimeter

m Isolated in tracker (accounting for
neighboring muon track)

~
pr > 35 GeV m L/oL, <3 toreject b — 1(nS)
> S A L 1 >0 T BERRERERRRRRREE RER 7> RERRERRREN RN AR RRRRE RN AR R ]
s I | Data ATLAS 1 5 L | Data ATLAS 1 & 120L + Data ATLAS i
J1000F_ fs=13Tev,36.110" | 5 [ _ s=13Tev, 361" | 5 [ _ (s=13TeV,36.1 fo" ]
S i DIP("S) Region: GR | T@ 80-_---Y(nS) Region: GR | E 100-_---Y(nS) Region: GR 7]
_,g 800 Y(nS)y channel | & - Y(nS) y channel 1 5 - Y(nS) y channel i
o i . Background A c=54+1MeV - |.|>J 60_—. Background B category b u>J 80—. BackgrounclY 1S EC category _
0 ool h [ Y(1S)0, =105 = 18 MeV | i (1S); =205+ 28 Mev 1
f | oy I Y(28) 1 e Y(2s) -
400~ ] ; \1(38) : - YEs)
2001 W(2S) | ]

0 0 0

2.0 2.5 3.0 3.5 4.0 80 85 90 95 10.010511.011.512.0 8.0 85 9.0 95 10.010.511.011.512.C
Phys.Lett. B786 (2018) 134 M [GeV] My [GEV] e ONIVERS or
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h/Z—Qy: Results

> F N B 7 > - N B A L ]
& 30F ATLAS 18 6 ATLAS E
10 - (s=13 TeV, 36.1 fb! 1 10 - s=13 TeV, 36.1 fb” .
% 25;— 29<m,, <3.3GeV —; % 145_ 3.5<m, <3.9GeV _E
QCJ - ¢ Data ] qC) 12:_ ¢ Data _:
Z 20:— ; (E;ackg_routnq fit T 10E ) ; gackgroutnq fit =
I~ ombDbinatoric 1 - ombpinatoric -
15 [ ] w(nS) background — 8H [ ] w(nS) background —
- E=ZFsR ] - B== ZFSR ]
105 [ ] B(H— Japy)=8.5x10"* 7 6 - [ ] B(H—>(25))=19.8x10"
= [0 BZ— Jny)=2.2x10° ] p= [0 B(Z— y(2S)y)=4.5x10" 3
5 E o || [ #iisheealle o | =
50 ‘ 100 150 200 250 300 50 100 150 200 2 = 300
arXiv:1807.00802 Mgy [GEV] My, [GeV]
%J : I I I I I I I I I I IAITILIAISI I I I I I I I I : > N T T T T I T T T T I T T T T I T T T T I T T T T ]
C Bcat . - .
(Lg 30— categony [s=13 TeV. 36.1 fb"! — 8 302 EC category ATLAS ]
- n T 1 - s=13 TeV, 36.1 fb’ E
S o5k 9.0<m, <100GeV 3 q : 00 10.0 GeV -
*GC‘J' - ¢+ Data 1 & 25F . bat<al My < 19.0 7€ -
- — Background fit 1 < C . ]
> - a1 o
I ZO: [ Combinatoric 1 5 20 giﬁgif{;gﬂg't =
o [ 1 Y(nS) background ] - . Y(nS) backaround .
15 g 7 FSR = 156 Z(FSI)?% ackgrou E
- B Y(1Sy)=49x100 : B Y(1Sy)=9x10 ]
10F [ BZ— Y(1S)y)=2.8x10° 1ob- . V)=4.9x10 © 4
: - - ] B(Z— Y(1S)y)=2.8x10 ]
5 # L - 5 E
50 150 350 300 5 N SR
m..... [GeV] 50 100 150 200 250 300
o M0, [GEV]
ATLAS NS Branching fraction limit (95% CL) | Observed | Expected
H—T(1 104 4. 0724
Branching fraction limit (95% CL) | Observed | Expected | Observed | Expected g< ~ T( ? 710 A ] ! ° 0;;‘3
_ H— T(2 10~ 5.9 6.2
B(H — J/yy)[107%] 3.5 3.075% 7.6 52174 5 EH TE3S§ 7; | Lt ] - - 0+;:;
B(H =1 (28) 7)[1074] 198 | 156777 . - "] 6] ' B
e 05 o7 B(Z — Y(1S8)~)[1076] 2.8 2.8%42
B(Z = J/~y)[ 107 ] 2.3 11193 1.4 16107 » By
s o B(Z = T(25)~)[ 1076 ] 1.7 3.8+1
B(Z =4 (25)~)[107" ] 4.5 6.0777 - B(Z — Y(3S)7)[107° ] 48 3.0743
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h/Z—@yl/py

3

meson decay

products
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B First search for h/Z—oy with 2.7 fb-1@13 TeV from 2015 [Phys. Rev. Lett. 117, 111802]

® New results with up to 35.6/fb

B Distinct experimental

, added h/Z—py [HEP 1807 (2018) 127]
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h/Z—@y/py: Results

> B L DL L B B I "]
@ _ , ] > 000" T T T ma
O] S ATLAS ®
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