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The Large Hadron Collider
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The world's eight marvel
[ O

(design) CM 14 TeV
energy

Circumference (km) : 100-150m underground

Luminosity 1034 cm2s?!

Number of Dipoles Cable Nb-Ti, cold mass 37million kg

Bunch crossing 24.95 ns
spacing Length of Dipole (m)

Dipole Field Strength (Tesla) : Raaukta froi tha hiigh beam aasrgy hasdad

11 2 2
Protons per 1.15x 10 Operating Temperature (K) . Superconducting magnets needed for the high

bunch magnetic field
Super-fluid helium

. Results from the high magnetic field
Beam radius 16.7 um

1ppm resolution

Main Dipoles 1232 Beam Intensity (A) _ 2.2.10* loss causes quench

Di pole field 833T Results from high beam energy and high beam current
) 1MJ melts 2kg Cu

Smaller magnets 7000 Results from the high magnetic field

Sector Poweri ng Circuit 1612 different electrical circuits

Stored energy 360 MJ/beam

June 4, 2012 PLHC Vancouver S. Myers




The world's eight marvel

Table 1: Beam and machine parameters for collisions in 2012,2016,2017 and 2018 compared to the design.

Parameter Design 2012 2016 2017 2018
beam energy [TeV] 7 4 6.5 6.5 6.5
bunch spacing [ns] 25 50 2 25 25
B* CMS/ATLAS [cm] 55 60 40 40 / 30 30 - 25
crossing angle [urad] 285 200 370/280 300-240 320 -260
bunch population N [10'! ppb] LIS 1.65 1.1 115 1.15
normalized emittance € [Um] Sl 25 22 22 2.0
number of bunches per ring k 2808 1374 2220 2556 2556
peak luminosity L [10** cm™2s7!] 1 0.75 1.4 2.05 201
peak average event pile-up u ~20 ~35 ~ 50 ~ 55 ~ 60
peak stored energy [MJ] 360 145 270 320 340

by J. Wenninger LHC Status and Performance



https://pos.sissa.it/339/001/pdf

The Standard Model Higgs boson production and decays



Higgs boson production processes at hadron colliders

main processes

q q

(a) Gluon Fusion (b) Vector Boson Fusion

W*/Z*

(c) Associated Production W/Z (d) Associated Heavy Quark Pro-
duction



production cross section in proton-proton collisions "

ggF: cross sections are calculated at N3LO QCD and NLO EW accuracies
VBFEF: cross sections are calculated at (approx.) NNLO QCD and NLO EW accuracies
VH: cross sections are calculated at NNLO QCD and NLO EW accuracies
LHC Higgs Cross section WG ttH: cross sections are calculated at NLO QCD and NLO EW accuracies
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Standard Model Higgs boson decays

LHC Higgs Cross section WG LHC Higgs Cross section WG
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The Higgs boson branching fractions as a function of the mass M, [GeV]

125 GeV Higgs Branching fractions: The H1gg§ boson natural width

H5bb:  58.2% as a function of the mass

HS>71 6.27% Remember that:

H>yy:  0.227% BR Z—> uu/ee: 3.3632%

HOWW*: 2.14% Total width for my = 125 GeV:

HS77% 2. 62% BR H>ZZ*->41(l=e or u): 0.012% 4.129 MeV

H->uu: 0.022%


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG

production cross section in proton-proton collisions '~
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Theory Inputs to Experimental Measurements
and the LHC Higgs Working Group

By R. Tanaka, 10 years Higgs Boson Discovery, CERN 4 July 2022 LEP Electroweak Working Group

Preamble

(5)
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low Q° data

@ In late 2000’s, a bunch of people had an idea to form TH+ATLAS+CMS F 3
forum for Higgs boson precision physics (discussions initiated by G. Passarino). 21

@ The Higgs boson discovery could happen earlier than expected if light Higgs boson. '1,.,
excluded ? 4

Q@ Many theoretical progresses on Higgs physics before LHC start. 40 © 100 200
m,, [GeV]

4 LHC
v excluded

Q@ Interactions between TH and EXPs for common language are very important.
Q@ Access to the most advanced theory predictions for Higgs Cross Sections and Branching Ratios

Q@ Experiments will coherently use the common XS&BR’s based on the interaction with the TH community.

@ This will facilitate the comparison and the combination of the individual results.

(LHC Higgs Combination Group was created later.)
Q@ In case of a deviation from SM prediction, precise theoretical prediction are mandatory.

@ The LHC Higgs Cross Section Working Group was created in January 2010.
Q@ Pre-foundation meeting was held in Torino during 23-24, November, 2009 - the 1st LHC collision day !
Q@ The first coordinators: S. Dittmaier (TH), C. Mariotti (CMS), G. Passarino (TH), R. Tanaka (ATLAS)


https://indico.cern.ch/event/1135177/

LHC Higgs Cross Section Working Group

2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 2022
Au

g.
THEATLAS Jan.

. YR’ YRZ Y R3
CMS Creation
proposal for | HOHXSWG
joint forum July 4th
for Higgs XS ,Il-\pr. fon W Higgs boson
Nov. 23-24 i Frobura Discovery
. 9
Torino WS
@ LHC 1st
pp collision

Y R4

LHC Higgs XS WG CERN Reports
Handbook of LHC Higgs Cross Sections:

Inclusive Observables
Differential Distributions
Higgs Properties

ol

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG

(CERN-2011-002, 151 pp.)
(CERN-2012-002, 275 pp.)
(CERN-2013-004, 392 pp.)

Deciphering the nature of the Higgs sector (CERN-2017-002-M, 869 pp.)

Nov.
LHC Higgs XS WG

-

LHC Higgs WG

WGI1: Higgs XS&BR
WG2: Higgs Properties
WG3: BSM Higgs

Annual meetings at Freiburg, Bari,
BNL, LAL and CERN

Important interaction with:

@ PDF4LHC, MCNet

@ LHC Higgs Combination WG

@ LHC EW/Top Physics WG

@ LHC Effective Field Theory WG

——

—

July 4th 2012
Higgs boson Discovery

14



The design of ATLAS and CMS at the LHC



The two gold channels: H2>yy ... 16

* Two isolated high-pt photons in the final
state

* Large irreducible and reducible
background (SM yy production, and fake

* High granularity electromagnetic calorimeter

* High enery-resolution electromagnetic
calorimeter

y from jets)  Safe photon 1dentification

* Large event pileup * Highly segmented hadron calorimeter

* Safe yfy vertex reconstruction and * Possibly measurement of the photon direction of
identification flight

* Narrow Yy invariant mass peak * High precision inner tracking and vertexing

A

———

~ ATLAS: a module of the LAr e.m.
*j calorimeter (the “accordion”)

CMS: the barrel e.m. calorimeter
and a lead tungstate crystal

s
' - a
. / \
\\
g




The two gold channels: ... and the H>ZZ(*)>4 leptons’

* Four 1solated high-py leptons * High precision reconstruction of muons
(electrons or muons) associated to the electromagnetic calorimeter

pp collision point e Safe muon and electron identification

* Large event pileup * High precision inner tracking and vertexing

. Narrow 4 lepton 1nvar1ant mass peak

¥
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The ATLAS detector

Muon chambers

Torold magnets

el AT S o e

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters
Solenoid magnet | Transition radiation fracker
Semiconductor fracker

18



The CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

19



Detector performance

Performance of the main components of the ATLAS and CMS detectors

subsystem

ATLAS

CMS

Magnetic field

2T central solenoid;

Air-core muon toroids:
0.5T barrel and 1T endcap

3.8T central solenoid
+ return yoke

central tracking
momentum resolution

o(pr)/pr

5x 10 *pr @ 0.01
(pT in GeV)

1.5 x 10~ *pt @ 0.005
(pT in GeV)

muon system
momentum resolution

2% for pr=50 GeV

1% for pr=100 GeV

o(pr)/pr 10% for pr=1 TeV 5% for pr=1 TeV
electromagnetic
calorimeter 0.10/vE @ 0.007 0.03/vVE & 0.005
o(E)/E (E in GeV) (E in GeV)
hadronic
calorimeter 0.50/vVE & 0.03 1/VE & 0.05
o(E)/E (E in GeV) (E in GeV)

20



The Higgs boson (@ the end of 2011:
towards the discovery



Update on the SM Higgs Search with CMS

CERN PUBLIC SEMINAR
13 December 2011
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CERNI/INFN&University of Pisa

On behalf of the CMS Collaboration
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H > 270 > 4l (e, 40, 2e20)

OQo~2-5fb
O However:

-- mass can be fully reconstructed - events would cluster in a (narrow) peak
-- pure: S/B ~ 1
O 4 leptons: prt234 > 20,20,7,7 GeV; my; = mz + 15 GeV; ms, > 15-60 GeV (depending on my)
O Main backgrounds:
-- ZZ® (irreducible)
-- my < 2my: Zbb, Z+jets, tt with two leptons from b/g-jets =2 |

- Suppressed with isolation and impact parameter cuts on two softest leptons
Q Signal acceptance x efficiency: ~ 15 % for my™~ 125 GeV

Crucial experimental aspects:
O High lepton reconstruction and identification efficiency down to lowest p;
0 Good lepton energy/momentum resolution
0 Good control of reducible backgrounds (Zbb, Z+jets, tt) in low-mass region:
- cannot rely on MC alone (theoretical uncertainties, b/g-jet 2 | modeling, ..)

- need to compare MC to data in background-enriched control regions (but: low statistics ..)
- Conservative/stringent pr and m(ll) cuts used at this stage




S vy [ ATLAS 24

O Calorimeter pointing capability reduces vertex "
uncertainty from ~ 5.6 cm (LHC beam spot) to ~ 1.5 cm H-> Z70) > 4] (4e, 4, 2e2p)

After all selections: kinematic cuts, Y identification and isolation | After all selections: kinematic cuts, isolation, impact parameter

22489 events with 100 < my, < 160 GeV observed in the data
L expected signal efficiency: ~ 35% for my=125 GeV
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H-> vy
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A lot of studies on the background fit
model. Is the structure/shape of the
observed limit due to the chosen
background model? No — this has been
shown to not be the case.
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F. Gianotti

Conclusions

It has been a wonderful year for the LHC and ATLAS = THANKS LHC TEAM !

We have looked for a SM Higgs boson We have restricted the most likely
L over the mass region 110-600 GeV % mass region (95% CL) to

Q in 11 distinct channels

O using up to 4.9 fb! of integrated luminosity

We observe an excess of events around my~ 126 GeV:

O local significance 3.6 0, with contributions from the
H- YY (2.8 G), H> ZZ* = 4l (2.1 0), H> WW®™) > Ivlv (1.4 0 ) analyses

O SM Higgs expectation: 2.4 0 local = observed excess compatible with signal strength
within +10 ~ 3G

O the global significance (taking into account Look-Elsewhere-Effect) is

It would be a very nice region for the Higgs to be = accessible at LHC in YY, 41, IVIV, bb, TT

It’s too early to draw definite conclusions
More studies and more data are needed

We have built solid foundations for the (exciting !) months to come




b Summary.

We have been able to analyse very quickly the full data set collected in 2011 and
to present here a comprehensive set of preliminary results.

Final results and submission of papers are expected around the end of January
(new additional channels, refined analyses).

We have reached the expected sensitivity (around or better than 1xSM) in
the full mass range of our current exploration (115GeV-600 GeV).

We have established new 95% CL exclusion limits: 127GeV-600GeV.

We are not able to exclude the presence of the SM Higgs below 127GeV since
we observe in our data a modest excess of events between 115 and 127GeV
that appears, quite consistenly, in five independent channels.

The excess is most compatible with a SM Higgs hypothesis in the vicinity
of 124 GeV and below, but the statistical significance (2.6c0 local and 1.90
global after correcting for the LEE in the low mass region) is not large
enough to say anything conclusive.

As of today what we see is consistent either with a background fluctuation or with
the presence of the SM Higgs boson.

Refined analyses and additional data in 2012 will definitely give an answer.

G. Tonelli, CERN/INFN/UNIPI HIGGS_CERN_SEMINAR December 13 2011 49



The announcement of the Higgs boson observation:

4 July 2012
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Luminosity delivered to ATLAS since the beginning Similarly for CMS

__ATLAS Online Luminosity

s 2010 pp Vs = 7 TeV
m— 2011 pp \s = 7 TeV
m— 2012 pp \/s = 8 TeV
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The data sample and the Higgs boson final states analysed

 H-> vy, and H->4l: full 2011 and 2012 datasets (~ 10.7 fb-! ) and
improved analyses since December 13, 2011

e all other channels:

o studied by ATLAS: H2> WW®= Ivlvy, H> tt, WH-> lvbb, ZH-> llbb, ZH->

vwbb, ZZ =2 llvwv, H> ZZ - llqq; H> WW=>1vqq): full 2011 dataset (up to
4.9 fb1)

o studied by CMS: H2> WW®= Ivlv, VH H>bb and V=11, lv, vv; H> tt: full
2011 and 2012 datasets;




Selected diphoton sample
L4 Data 2011 and 2012
Sig + Bkg inclusive fit (m, = 126.5 GeV)

Total after selections: 59059 events

Events / GeV
N
o
o
o

1800 e 4th order polynomial _;
1600— 4
= \(§=7TeV,det=4.8fb = . .
1400~ —= WM myy spectrum fit, for each category, with
— =1 — . .
1200 ‘@=8T9V'f'-d‘=5-9 " =3 W Crystal Ball + Gaussian for signal plus
1000 — — o _.Q .
sl 3§ background model optimised (with MC)
SO0 3 |l to minimize biases
400 ~= N Max deviation of background model from
Bools- HAEAS RiElminan — W expected background distribution taken
2 0oE ] i i i = [l as systematic uncertainty
' = + E
s 0 -
© =
R AT T

150 160
m,, [GeV] Main systematic uncertainties

140

Signal yield
Theory ~ 20%
Photon efficiency ~ 10%

110 < my; < 150 GeV Background model ~10%
Cafegories migrafion
Higgs pr modeling up to ~ 10%
Conv/unconv y up to~ 6%
Jet E-scale up to 20% (2j/VBF)
Underlying event up to 30% (2j/VBF)
H-> vy mass resolution ~ 14%
Photon E-scale ~0.6%




.~ B DijetTagging: Selection

Analysis improvements in 2012:
= Splitdi-jet tagged events in two categories based on M; and jet py
= ~15% improvement in sensitivity for dijet category
= better sensitivity to separate different Higgs production modes
= Removal of jets from pileup events
= Based onthe jet shape variables, tracks in jet and vertexing
= Cross-checked using Z+jet and y+jet events

Dijet selection cuts

July 4" 2012 The Status of the Higgs Search J. Incandela for the CMS COLLABORATION

Variable 2011 2012
Loose Tight
pr(Jj1) > 30 GeV
pr(J2) > 20 GeV > 30 GeV
An(j1,J2) > 3.5 > 3.0
My — %(773'1 + nj2)| < 2.5
mjj > 350 GeV || > 250 GeV | > 500 GeV
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the CMS COLLABORATION

dela for

J. Incan

the Higgs Search

4 . pnes AF
Status of

12 The

201

Jul y 4

S/B Weighted Mass Dist

™S Alf—l V' 7 'ANCYS" I'\N''r

<2000

- CMS Preliminary

) "
G1800+
N~ - 1s=8TeV,L=5.3fb"
©1600

i1s=7TeV,L=5.11b"

—&— S/B Weighted Data
S+B Fit

------ Bkg Fit Component
N EAL
B 20

ribution

!
120

740
m,, (GeV)

= Sum of mass distributions for each event class, weighted by S/B
= Bisintegral of background model over a constant signal fraction interval
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CMS Experiment at the LHC, CERN

Data recorded: 2012-May-13 20:08:14.621490 GMT '

Run/Event: 194108 / 564224000 f H 9 \" Y
didat
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N 1Y) ’ 1 1)

CMS .
! :4/ 2012 analysls + Improvements

Blinding policy: analysis optimized blindly for 2012,
applied to 2011 reoptimization

Do NOT look at 110 < my <140 GeV, and m, > 300 GeV

$ ) A TR LR B A B L RLER
. + 10 - CMS Praliminary | ======= 20 Fit Expected Asym. CLs
. N e — ZZ —~ ]
Main changes: N [ e inBri | S v :
:T: . G=8TeV,L=526M" | ceuees Expocted = 2 g

Tt i

= F
New lepton ID (MVA + PFlow) g

New lepton PFlow isolation :7;
Final State Radiation (FSR) recovery EJ
=
5

2D analysis: m, + Kinematic Discriminant

10' 11;0L " " & PR Aém.. A éobl““éoo“soto ‘ém

mu [GeV]
>20% improvement @ mi=126GeV  Eypected exclusion range

wrt 2011 analysis 121540 GeV

July 4" 2012 The Status of the Higgs Search J. Incandela for the CMS COLLABORATION
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% % 25 :clM'sIP:.r?"l‘fyl L] fl"’lTl.v].lL'-ls;ols lm’ : VD‘ Ut'a' L [ \ Ak b bl 4 L G 1 2
* Da
< O ] ™
j e o .Z+.x - =~ 10
S T 2 I Ozy.zz - i 2]
2 | 8 [[Jm,=126 GeV - c
S 9 [Jm,=350 GeV - Q 8
2 W 15 o o L
§ .
© d 6
2 10 -
.
IS ] 4
k 5t “ .
S } "
, !ﬂ % 2
%) 0 ‘ Lot | P Yo PR |
o 100 200 300 400 500 600 700 800
D
T my,, [GeV] 0
(]
S
5 Yields for m(4l)=110..160 GeV
Channel de 4u 2e2u a¢
ZZ background | 2.65 £0.31 | 5.65 £0.59 | 7.17 £0.76 | 15.48 £1.01
Z+X 1.20:5-33 0.92t°¢§ 2201181 | 4 47+22
All backgrounds | 3.85773 | 6.5810% 9.46*_‘L§ 19.882’1555
my = 126GeV | 1.51 £0.48 | 2.99 £0.60 8.31 £1.18
> 164 events expected in [100,
5

172 events observed in [100, 800 Ge

(D
JON
=

“—t
JON

CMS Preliminary

mM(4l) spectrum

Vs=7TeV, L=5.05fb"Ns=8TeV,L=5261b"

e o o 7TeVde, 4y, 202n
O O B8TeV4e, 4, 2e2u

Event-by-event errors

160
al

180
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E CMS Preliminary j
,;r
E

Characterization of excess n

(e B a VWl af ol B A vt o N af |

Combined obs.
- == Exp. for SMH Higgs H- 27 1Y =
g i \s=7TeV.L=5.115" 1

| — oz \s=8TeV, L= 531b1 E

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

_6(5

176

116 118 120 122 124 126 128 130

Higgs boson mass (GeV)

W o —

* high sensitivity, high mass
resolution channels: yy+4l

" VY: 4.1 0 excess
= 4 leptons: 3.2 6 excess
= near the same mass 125 GeV

= comb. signiﬁcance

= expected significance
for SM Higgs: 4.7 O

ar 125 GeV
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Events/5 GeV
NN W W
© vt O O

—_
)]

Events/5 GeV

Background 2z ATLAS Preliminary

[

. )
= Sond mesaay) H2Z ol
[ Signal (m, =150 GeV) ﬂ—dt =4.81b
B Signal (m =190 GeV) Vs =7 TeV
4y, Syst.Unc.

2011 data

* Data

[ Background ZZ ATLAS Preliminary

B Background Z+jets, tt ()

[ Signal (mH=12 GeV) H—ZZ '—4l
[ Signal (mH=150 GeV)

[ Signal (mH=190 GeV)

% Syst.Unc.

s=7TeV:[Ldt=4.8b"
s=8TeV:[Ldt=5.8 fb

w
)]

The low-mass
region

Events/5 GeV
w
o

N
()]

m4| <160 GeV:
Observed: 39

Expected: 34+ 3

—_
(9]

Dataset

20

¢ Data
B Background z2Z"
B Background Z+jets, tt
[ Signal (mH=125 GeV)
[ Signal (mH=150 GeV)
[ Signal (mH=190 GeV)
y, Syst.Unc.

)y ATLAS Preliminary

H—zZ" -4

fLdt=5.8 b

/s =8 TeV

2012 data

2011+2012

Expected B only

Expected S m_ =125 GeV

Observed in the data
2011+ 2012

5.1:0.8
5.3:0.8
13

Data
Expected S/B

Reducible/total background




4l candidate with my,= 125.1 GeV

pr (muons)= 36.1, 47.5, 26.4, 71 .7GeV
15 reconstructed vertices

Mqo= 86.3 GeV, M3y= 31.6 GeV

SR

@ATLAS

EXPERIMENT
http://atlas.ch

Run:
Event:
Date:
Time:

204769

71902630

2012-06-10
13:24:31 CEST




o 10
'©
po: the probability 8 ‘
that the background — 10!
can produce a
fluctuation greater 102
than or equal to the 103
excess observed in
data 104
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Evolution of the excess with time

{s =7 TeV (2011), [Ldt=4.8 fb"
{s=8TeV (2012), [Ldt=5.91b"

-----------

~
ot T
- -

-----

EPS July 2011
—— Observed

IIIIIIﬂ]

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

CERN Seminar 12/2011
—— Observed
Expected

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

L Spring 2012 ™., 4July 2012 ; —
= Observed Observed *-.__ =
BEEEEEEE Expected CERTTE Expected |
E L1 1 | L1 11 L1 1 1 | L1 11 | L1 11 I‘d L1 1 I L1 1 1 l L1 1 Tg

110 115 120 125 130 135 140 145 150

my, [GeV]

Energy-scale
systematics
not included

N
Q



Joe Incandela

In summary

We have observed a new
boson with a mass of
125.3 £ 0.6 GeV
at
4.9 o significance !
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CMS:

https://doi.org/10.1007/JHEP01(2014)096

ATLAS: https://doi.org/10.1103/PhysRevD.92.012006

The most sensitive process for
130 <my <200 GeV

But also one of the most
challenging channels: complete
reconstruction of the invariant
mass of this final system is not
possible because the
production of neutrinos

Largest background is the
irreducible WW SM production

In addition, Drell-Yan and top
process when looking to final
states associated to one jet

Select events with two high-py
opposite sign leptons and large
transverse missing energy
(E;™%), produced in
association of 0, 1 and 2 jets

Dataset:
25 fb! of data at \'s =7 and 8 TeV

Events / 10 GeV

Events / 10 GeV

H>WWE>1vly

800

600

400

200

ATLASH—-WW*
Vs=8TeV, 20.3fb
Vs=7TeV, 4.5fb™
(a) nj<1, eut+ee/un |
¢ Obs=+stat
% Bkg=syst
M Higgs
8 ww
O Misid
B vv

] Top
@ DY

(b) Background-subtracted
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The spin-0 Higgs boson decays to W
bosons with opposite spins, and the spin-
1 W bosons decay into leptons with
aligned spins. Because of the V — A
decay of the W bosons, the charged

] leptons have a small opening angle in the
e laboratory frame. This feature is also

present when one W boson is off shell.

a T

Transverse mass distributions for n; < 1 for all
lepton-flavor samples. Plot (b): residuals of the data
with respect to the estimated background compared
to the expected distribution for a SM Higgs boson
with my = 125 GeV; the error bars on the data are
statistical (\Nobs).

150 ® Obs-Bkg —
C # Bkg=syst ] 1
- W Higgs 17 Qo 8 Local py as a function of
100 |- . S 50 § my. Solid line: observed py.
C 1- ot 777 ¢ Dashed line: expected
- B ATLAS Ensd % values. Expected values for
S0 i H=WWi=llv o, myp=125.36 GeV are given
C 1 s=8TeV, 203 f2'1 E as a solid line without
0 e y (5=7TeV, 4.5 160 points; the inner (outer)
- Observed E band shaded darker (lighter)
| IR /| PR R BT N ST N N SR N S 12 - Expected ?7 represents the one (tWO)
50 100 150 200 250  ° = E0100zs 3/ 3" andard deviation
m+ [GeV] 120 140 160 180 00  uncertainty.
my, [GeV]
mr = \/ (E% + Emiss)2 _ (Pfrt EPms)2 Signal significance of 6.1 standard deviations

Evidence for the vector-boson fusion (VBF) 3.2

standard deviations


https://doi.org/10.1007/JHEP01(2014)096
https://doi.org/10.1103/PhysRevD.92.012006

Vector Boson Fusion

* The next most abundant production mechanism, with a factor of ~12

44

reduction 1n rate, 1s the fusion of Vector Bosons radiated by the
interacting quarks into a Higgs boson (vector-boson fusion, VBF).

to-background ratio

ggF production

VH production

* This process offers, with respect to the ggF process, a stronger signal-

the VBF process directly probes the couplings to W and Z bosons.
direct probe of the couplings to to /' and Z bosons is offered also by

ATLAS :
H-oWW*=lvlv
(s=7TeV,4.5fb" 3
(s=8TeV,20.3fb™" 7
3+ Obs(1.0,1.3)

EHObstic -
[+]Obst2c :
: E [ EObst3c =
S Ji )i o ExpSM(1,1) 3

q the associated production VH (V=W or Z)
p W W
H v H -
e T
g u/* q / 3 B
I I 4

VBF' production

Events are selected asking two high-pr
jets at large rapidities.

Example: pp/® > 30 GeV with 2.4 <n;;
<4.5

(high pr threshold to also suppress
effects from pile-up)

i is the signal strength: p = o,,/0sm

Likelihood scan as a function of pe.p
and pypg



H=>11

Important final state to probe the direct coupling
of the Higgs boson to elementary fermions, to
establish the mass generation mechanism for
such particles.

H->1t is the most promising decay channel
because of the lar%e event rate expected in the
SM compared to the u+u— decay channel

o B(H — t+1—) = 6.3% for a mass of 125.09 GeV

g-g fusion and VBF main production modes
investigated, three decay final states, depending
on the Ieptonic or hadronic tau decay: lep-lep,

lep-had and had-had

main backgrounds: Drell-Yan Z/ y*(+jets)> 11
(irreducible), WHjets, ttbar, multi-jets; ...

o Evaluate background from data control samples

v

Select events with high-py leptons (e, u, t;,), +
high-p jets for the Z%etchategory (€ 1. T)

The most important variable studied: the tt
system mass m,,:

o CMS: the SVFIT algorithm combines p;”** with
the four-vectors of both T candidates to calculate
an accurate estimate of the mass of the parent
boson

o ATLAS: use the collinear approximation and the
%/IMC algorithm to estimate the mass of the parent

oson

Events/bin

(Obs. - bkg.)

https.//link.springer.com/article/10.1007/JHEP04(201 %Z

https://www.sciencedirect.com/science/article/pii/S037()

269318301035 ?via%3Dihub

CMS wt, VBF

35.9 b (13 TeV)

300 <m; <700 GeV

!
t

e e

10? E [—

T T
;700 <m; <1100 GeV : 1100 <m; <1500 GeV  :m;>1500 GeV

~4- Observed

1 Bsu=109
Z—tt

- - Z—up/ee
thHjets

3 - Wiijets
] QCD multijet
3 Others

E D Total unc.

q — How(u=1.09)

35.9 b (13 TeV)

1O7E||||||||||||||||||||||

——— (Obs. - bkg.)/bkg.
—— (H—tt)/bkg.
Bkg. unc./bkg.

E +0bserved Y

h'h
10 [, .eth

eu — H—tt (u=1.09)

107"

| I | | T | | I | 11
-3 -2.5 -2 -1.5 -1

-0.5 .
Signal significance of 5.9 standard deviations |Og1O(S/(S+B)) regions.

3 TT invariant mass

4 distribution, ut, decay

i channel - Observed and
3 predicted 2D distributions
3 inthe VBF category

3 Distribution of the decimal
4 logarithm of the ratio

1 between the expected signal
? and the sum of expected
signal and expected
0background, in all signal



https://link.springer.com/article/10.1007/JHEP04(2015)117
https://www.sciencedirect.com/science/article/pii/S0370269318301035?via%3Dihub

Observation of H=>bb 46

H->bb: decay channel with the largest
BR but with poor signal-to-noise ratio

Very important process to test the
Higgs Yukawa coupling to (3™
generation) quarks

2 leptons 1

= |

Consider the VH (V=W+,Z) associate production mode: it offers
a good background reduction with respect the gluon-gluon
fusion production mode.

Vector boson in the final state are tagged through their decays to
neutrinos (E;™%), and/or charged leptons (electons or muons).
Select events with b-jets (apply b-tagging algorithms).

Study the VZ = Vbb (V=W*,Z) to cross
check the data analysis

Phys Lett B 786 (2018)

—~ 185 artas U he
£ - {s=13TeV,79.8 b Bl VH, H — bb (1=1.06)
? 16| 0+1+2leptons Diboson -
'5) C 2+3jets, 2 b-tags J Uncertainty

é 141 Weighted by Higgs s/8 Dijet mass analysis ]
Q 12F =
8 1oF _+_ E
5 o :
'a_) 8 - == -]
S 6

%) 4 -

O

e 2 *

2 0 %@R N

c C

o _2F

>

L 40 60 80 100 120 140 160 180 200

m,, [GeV]

distribution of my, in data after subtraction of all
backgrounds except for the WZ and ZZ diboson
processes, as obtained with the dijet-mass analysis

Significance = 4.9 s.d. (4.3 s.d. expected)


https://www.sciencedirect.com/science/article/pii/S0370269318307056

Observation of H=>bb

IIII|IIIIIIIllllIIIIIIIIIIIIIIIIIIlIIIIIIIIIlIIII
ATLAS VH, H—bb Vs=7TeV, 8TeV, and 13 TeV
4.7 fo' 20.3 o', and 79.8 fb™’
— Total Stat.
Tot. ( Stat., Syst.)
WH —lo— 1.08 “03% (5%, 505 )
[ +0.28 021 +0.19
ZH H=or+ 092 -, (C020 > 0.17
Comb. +0.22 0.14 +0.17
Sa i 0.98 -0.21 (r0.14 ’ i0.16
IIII|II1IIIIll]III|IlIIIIIIlIlIIIlIlIIlIIlIllIII
O 05 1 156 2 25 3 35 4 45 5
ubb
VH

Combination of VH, H>bb

l/l = 0.98 i 0.14 +0.17-0.16

T 171 | LI B I | | T 11 | T 17 | | I R P | I | PR FRE O | ] T 1T T T
ATLAS H—bb s=7 TeV, 8 TeV, and 13 TeV
4.7 67, 20.3 fo™!, and 24.5-79.8 fb™’
— Total Stat.
Tot. ( Stat., Syst.)
1.16 1.01 +0.57
VBF+ggF | ® - 1.68 “1;  (Do0» ‘o
+0.56 (+0.28 +0.48
ttH|  p————i 1.00 ‘554 (20275 046 )
0.22 0.14 +0.17
VH koA 0.98 io_21 Co.14 'j0.16
0.20 0.12 +0.16
Comb. Y 1.01 750 (o1, 018 )
L1 1 1 L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 l L1 1 1
0 1 2 3 4 5 6 7
uH—)bb
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Combination of VBF+ggF, VH, and ttH with H->bb

f=1.01+0.12+016 .



Observation of H=>bb 43

- 77.2 0" (13 TeV) Phys. Rev. Lett. 121, 121801
Q0
= - CMS $ Data <517 (7 TeV) +<19.8fb" (8 TeV) + < 77.2fb" (13 TeV)
ht i B VH,H-bb
@ o e Observed
E [ Jvzz-bb CM_S +1o (stat @ syst)
'g 1000 7] S+B uncertainty H—bb m +15 (SYSt)
o stat  syst
% goF 2.80 +2.08 + 1.30
500 :
I VBF _ e = 2.53+0.98+1.17
tH | —— 0.85 +0.23 % 0.37
0 i
i WH = .- 1.24 +0.29 + 0.24
1 ) 1 | ) | | | ! | ! | ! ! ) | ) ) ) |
60 80 100 120 140 160 :
e 0.88 +0.24 + 0.16

m(jj) [GeV] ZH

Dijet invariant mass distribution for events weighted by Combined ___ 10440144 0.14

S/(§+B). Data (points) and the fitted VH signal (red) T T

and VZ background (grey) distributions, with all other 0 1 2 3 4 5 6 7 8 9

fitted background processes subtracted, are shown Best fit
g p > - u=104+0.14+0.14

Latest results in Eur. Phys. J. C 81 (2021) 178 : all Run 2 data used g, = 1.02 *0-12, 014 .


Phys.%20Rev.%20Lett.%20121,%20121801

Observation of the ttH production process

 Evidence for the Higgs coupling to fermions is a milestone in the
Higgs sector studies

g > t

N
N

g t
t
\\H
q T

ttH process at tree level

* Top Yukawa coupling 1s the most important one:

o Strongest coupling of the Standard Model, ~1
o Sensitive to New Physics
o Significant role in ElectroWeak vacuum stability

* Running of Higgs self coupling (A) sensitive to Top Yukawa

coupling (y,)

Higgs decay

Top quark
pair BR

1%
T
Ty 2.;{?/0

»v\'e ,\olo "’A".? /

%y,
W \)'*ee“' . A /

"dileptons™

e+jets 15%

¥Y Zy
"alljets" 46% sz\
tHets 15% \
pu+jets 15% GG /
"lepton+jets” HH

ttH system final states

~.g °* The only Higgs coupling that cannot be observed from direct

Higgs BR
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Observation of the ttH production process "

* Data sample:

DATA SAMPLE Vs =7 Vs=8 Vs=13 Phys. Lett. B 784 (2018) Phys. Rev. Lett. 120 (2018) 231801
fb -1 TeV TeV TeV T rTew) 8 TeV) (13 TeV)
108 51fb (7 TeV)+19.7fb" (8 TeV) +35.9fb™ (13 TeV

@® Observed

ATLAS 203 79.8 3. CMS L.
g (s=13TeV, 36.1-79.8 1" [t (=132 - ; et oy
CMS 5.1 19.7 19.7 (TP iH (u=1) TTHWW* —————
o 5 |:|Background - . B |
» Event selection: 1 TR
o final states with high-pT b-jet(s), and 103 o | "
leptons to select ttbar systems. 10 () |~
o final states bb, WW*#* 71~ ﬁand 7% are ¢ e
considered to reconstruct the 1ggs boson 10 . ,
(high-p; photons, T and large E{™%%) B | TN N N - i
=3 L L L I I I I L R 13 TeV .
o Event categorisation to enhance signal 2 o . ;
sensitivity £ o | Combined| ~—  —ee—
e O e - e e — 0 1 2 3 4 5 6 7
8 F ] - -3 —2 5 —2 —1 5 —1 —O 5 0 0.5 i
= 0.9~ ATLAS <4 Measured ttH cross log, (S/B) Best fit val f the tH si ;H
.? 0.82* -;;‘a‘ Theory (NLO QCD + NLO EW) é Sections in pp Observed event YICIdS in all est fit va U.C-O the tt Signa
% 073 igtatog‘)yombined data B E COlliSionS at Centre- anaIYSlS CathOI'ICS lIl up to 79'8 Strength IIlOdlﬁCI', mH Set tO the
065 . : fb! of 13 TeV data. nggs 12.5.09 GeV. DasheFl
0.5- - of-mass energies of 8 vertical line: SM expectation
04 7 TeV and 13 TeV
0.3¢ E Signal significance: 5.2/6.3 standard deviations from ATLAS/CMS
0.2+ =
01 | e {tH production cross section at 13 TeV: 670 + 90 (stat.) *110 4, (syst.) fb (ATLAS)
L N N A HATE N BRI
6 8 10 12 14 16

/s [TeV]


https://www.sciencedirect.com/science/article/pii/S0370269318305732?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231801

The Higgs Combination



The Higgs Combination - 1

 ATLAS and CMS measured rates from several production processes and
decay final states of this new particle

* The combination:
o of different measurements by the same experiment
o and the measurements of the two experiments

1s key to verify the consistence of these findings with the predictions of the
Standard Model

* Deviations from the SM would 1nevitably indicate presence of new physics

* ATLAS and CMS made an effort to combine their findings from LHC Run
1 (Vs=7and 8 TeV)

- data sample: 5 fbL at Vs =7 TeV and 20 fb! at Vs = 8 TeV
* The results are available 1n this paper JHEP 2016, 45 (2016)



https://doi.org/10.1007/JHEP08(2016)045

ttH

t.b

The Higgs Combination - 2

______ Y VH
o g z
t,b
g t,b
q t g9
d - L ST ———a— !
ttH X__ tH X tH
H SN H g tH N H tH N H
q b 7 d it T A
tb 9 t,b

Examples of leading-order Feynman diagrams for Higgs boson production

Examples of leading-order Feynman diagrams for the Higgs boson decay final states
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The Higgs Combination - 3

* Very detailed and complex
studies

* Some example of the most
interesting ones follow

The signal strength:

production O
. Hi =
signal strength (0i)sm
branching fraction ; B/
signal strength "~ (BF gy
.- Bf
ul = —— = pi - p

(oi)sm - (B )sm

Signal strength consistent
with Standard Model
predictions

ATLAS and CMS -8 ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS

B —*1c
M —p—— —12c
ggF ——

__‘_:._
VBF e
—*E—
uWH - .
MZH * : =
S
MttH > "
- _ +0.11
||||||||||||||||||| t||||||||I||||I|||1I||||I||||I

-1-050 05 1 15 2 25 3 35 4

Parameter value
Best fit results for the production signal

strengths for the combination of ATLAS and
CMS data, assuming the SM values for the
Higgs boson branching fractions, ;= 1

-@- ATLAS+CMS
= ATLAS

-+ CMS

—tio

— 120

ATLAS and CMS
LHC Run 1

Parameter value

Best fit results for the decay signal
strengths for the combination of ATLAS
and CMS data, assuming that the Higgs
boson production cross sections are the
same as in the SM, u; = 1



The Higgs Combination - 4

The Higgs boson natural width

-o- ATLAS+CMS
cannot be measured at LHC. ATLAS and CHS = ATLAS
Model-dependent assumptions — ; =

- n
should be made to extract olggH—22) = &
absolute cross sections and/or s s | i,
branching fractions. R
A model independent S/ g —=
assessment can be made by - §
. . 7 ®
studying ratio of rates from the 2 Oggr — ._
various processes > gives ratios o e | .
of production cross sections or S — .
ratios of branching fraction R -
_+_

Best fit values of the o(gg— H— -

ZZ) cross section and of ratios of B"/B% ==l

Jgross SeCll%ZS Jc{z\nd brclznchmg - g

ractions. 1ne fit results are wn7z ————
: - B™/B =

normalised to the SM predictions B |

for the various parameters. B0/ - |
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theoretical uncertainties in these
predictions.

0 1 2 3 4 5 6
Parameter value norm. to SM prediction
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The p-value of the compatibility
between the data and the SM
predictions is 16%. Most
measurements are consistent
with the SM predictions within
less than 2 standard deviations



Higgs couplings — the kappa framework -1 °°

the production and decay of the Higgs boson can be factorised, such that the cross
section times branching fraction of an individual channel 6(1 — H — ') can be
parameterised as

oi(R) - T/ (R)

o; - B =
I H I'y is the total width of the Higgs boson
I'; 1s the partial width for Higgs boson decay to the final
state
5 SM 5 ' , K is an array of multiplicative parameters that modify
,-", — . DLV 2 — T J the Higgs coupling strength to fermions and bosons
K = 0]40] or Kj = Ft/FSM
Production Decay  SM: k;=1 (for all possible values of i)

k2 . TSM  Reflects the possibility allow for the
1555 &= i i - possibility of Higgs boson decays to
} = BBSM invisible or untagged BSM particles.




Higgs couplings — the kappa framework -2 >’

ATLAS and CMS — +1o Coupling fit results
LHC Run 1 -o- ATLAS+CMS ~+ ATLAS -+~ CMS —*20
= = = == LEFT: Bggy, is free, and
Ky — - — —t that |y| < 1, where Ky
—_ — e e
. : e : denotes Kk, or Ky,
Ky :_::__ :__'..__
i == —
) : B = RIGHT: assumes that there
il . 1 = are no additional BSM
ol o - o contributions to the Higgs
L S i —= boson width, i.e. Bgqy = 0.
| == = o)
L k| <1 ' - g 5
B Bggyy 20 o= BSM = . . .
BSM|||||||||||||||||m||||||||||||||| IIIIII IIIIIIIIIIIIIIIlIIIIIIIIIlIIIIIIIIIlIIII ‘Ldnlckllnes. 16 errorbars
-15 -1 -05 0 0.5 1 1.5 2 -15 -1 -05 0 0.5 1 1.5 2 lin lines. 26 error bars

Parameter value



Higgs couplings — the kappa framework -3 °°

L B B I I L B
T T T T T 1 1 T < - .
1 6.ATLAS and CMS [CJATLAS+CMS £ oF fl.-’I-IéAFS{ an;ﬂ CMS [, ¥y o %o Ky, g Ky Byg ]
"L LHC Run 1 DATLAS _ C\ll : un i
j [Jcms j 7F ’
14+ B - —— Observed :
L 6F - SM expected ]
_ sf :
1 .2 B ] : :
I 4t =
1 . 3 -
i 2 I ]
0.8F s N :
- Ll o i -
0.6 i 00 0.05 041 015 0.2 025 03 035 04 045 05
- —68% CL ------- 95% CL  + Bestfit * SM expected . B
T T TS ST S N S BSM
06 08 1 2 14 1 61< Observed (solid line) and expected (dashed line) negative log-
¥

likelihood scan of Bggy; when allowing additional BSM
contributions to the Higgs boson width. Assumptions: |ky| <
1 and Bggy = 0. All other parameters of interest from the list
in the legend are also varied in the minimisation procedure.
The red horizontal line indicates the log-likelihood variation
corresponding to the 95% CL upper limit

Negative log-likelihood contours at 68% and
95% CL in the (kggamma;, K,) plane for the

combination of ATLAS and CMS.

In the fit all the other coupling modifiers are

set to their SM values and assuming Bggy = 0



Higgs couplings — the kappa framework - 4 >~

* All measurements based on the generic
parameterisations are compatible between
the two experiments and with the predictions
of the SM.

3 * The potential presence of physics beyond the
: SM (BSM) 1s also probed using specific
parameterisations.

* With minimal additional assumptions, the
overall branching fraction of the Higgs
: boson into BSM decays 1s determined to be
¢ ATLAS+CMS 1 less than 34% at 95% CL.

""""" SM Higgs boson * The combined signal yield relative to the SM
— M, ] fit : expectation 1s measured to be 1.09 + 0.07

. i (stat) £0.08 (syst), where the systematic

[ 68% CL j uncertainty 1s dominated by the theoretical
95% CL uncertainty in the inclusive cross sections.

> T T L T IO SR
E> 1 ATLAS and CMS
- LHC Run 1

107

L Lo L Lol |
107 1 10 10°
Particle mass [GeV]




Latest results: signal strengths

139 fb-! Nature 607 (2022) 52
2

— 10 ]
D ; —
= -
s £ ATLAS Run 2 -
S L -
8 10k ]
wn = -
% - e :
o B ]
© — 2
- "¢ Data (Total uncertainty) T j -
~ || Syst. uncertainty ]
_‘[_ B
10 = = SM prediction —=
L | | | | .
2 — | T 1 - -
= 1.5 % —
O = -
SRR X __ E
'E -
T 058 | | F
ggF + bbH  VBF WH ZH i 0

Production process

Data sample: 139 fb-! per experiment

10

110

Cross sections for different Higgs boson production
processes assuming SM decay branching fractions.

Signal strength parameters
extracted for various production
modes y;, assuming SM decay
branching fractions

gluon-gluon fusion precision
better than 10%!

10-20% precision on other major M —E_

production modes

60

Nature 607 (2022) 60
CMS 138 o' (13 TeV)
® Observed Dﬂ SD (stat)
= +1 SD (stat ® syst) || +1 SD (syst)
— +2 SDs (stat @ syst)
B 5 Stat Syst
+0.08 +0.07
uggH '@“ 0.975; 004 Ly
E 0.09 +0.08
IJVVBF _E'"' 0.80:0.12 iro.10 ~0.07
My e 1447050 w021 01
+0.22 +0.09
1.29 5, 020 7,
+0.20 +0.13
IJ“ttH E 0.94 % 015 5,
E +2.66 +2.06 +1.69
l'ltH —16.055, Zies 13
1111 I 1111 i 111l I 11l I | | |

0 05 1 15 2 25 3 35 4 45
Parameter value

ATLAS p=1.05 £0.06 =105+ 0.03(stat.) = 0.03(sys)= 0.04(th.)

CMS

1 =1.002 £ 0.057 = 1.002 = 0.029(stat. ) = 0.033(sys)  0.029(th.)


https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x

Latest results: branching ratios

c 1e =
@] - =
= 2 -
N . ATLAS Run 2 -
2107 = =
£ —=— E
LC) B _
5 B —a=— i
m10°?

¢ Data (Total uncertainty) —==— %
I:] Syst. uncertainty
= SM prediction

= - 2% I
D 1.2- ¥ % 13
o 1 % 2 L
< 0.8+ T 11
m C | | | | | .
bb ww T zz Yy Zy pp
Decay mode

Branching Fractions for different Higgs boson decay
modes assuming SM production cross sections.
p-value for compatibility with SM: 65%

Precision on bosonic decays,
decays to tau leptons: ~10%

— ! Stat Syst
HW --@— 1.134009 +0.06 fg:g;
i o7 o
HWW_ _@_ 0.97+0.09 +0.05 +0.08
u”_ —@-‘- 0.85+0.10 +0.06 +0.08
be_ —-E— 1.05tg:§f +0.15 tg::g
u““_ —%— 1215 0% o1
uzy_ é—ézﬁﬁéﬁé ‘o5 o2
| Ly | |
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CMS 138 fo' (13 TeV)
® (Observed Dﬂ SD (stat)

== +1 SD (stat @ syst) |:| +1 SD (syst)

— 12 SDs (stat @ syst)

0 05 1 15 2 25 3 35 4
Parameter value

Signal strength parameters assuming
SM production cross sections.



Latest results: couplings - 1

CMS 138 b (13 TeV)
® Observed [ |+1 sD (stat)
== +1 SD (stat @ syst) Dﬂ SD (syst)
— 12 SDs (stat @ syst)
— ; Stat Syst
K —=— 1.010.10  +0.07 +0.07
KW '@ 1 '00—0.06 -0.04 -0.04
K5 -Q 1.00 505 003 -0t
: +010  +0.07 4007
Ky _'§'(_ 09071, g9 —oos
Kq - 0.91:0.07  +0.04 fggg
Ky ———— 11100 7% w007
i +0.32  +0.29 +0.12
KZY _'_é_ 1.6200% o3 011
Kyq -@- 0.93:0.07 +0.05 J_rggg
+0.05  +0.04 +0.04
KY "é' 1.07%506 005 -003
B v, 8 0.0710.05 +0.02 004
B +0.06  +0.05 +0.03
Undet$— | | | 0.00
0 0.5 1 1.5 2 2.5 3 3.5

Parameter value

measurements of Higgs
boson decays into invisible
final states are included and
provide a constraint on B;,,

To constrain B, et
assume Ky, Kz <I

Compare with the squares

)

S L N A B T T T
i 'T_ﬂ___T' Leptons Quarks )
N Vel Va| Ve ||l U c‘_
D - Ton
B Force carriers Higgs boson |
—0—
| FIEAEAa .
............ e ———
i Tq —— Binv.=Bu.=0 |
N -®- B, free, 8,20, x,<1
B ——— SM prediction 7
1= = Parameter value not allowed
S P ——— —.—=— —————————— 4
T PYTETTR PR T | TN P TN I
0.8 1 1.2 1.4 1.6
68% CL interval
—— T
__________________________ q
A | N I S
0 0.05 0.1 0.15 0.2
95% CL limit

lower panel shows the 95% CL upper limits on B;,, and B,

coupling strength modifiers and their uncertainties per particle type with effective photon, Zy and gluon couplings.

Strongest constraints on effective coupling modifiers: O(5%)



Latest results: couplings - 2 o2

CMS 138 b (13 TeV)
LL | T I I T I I I T T T T T T T T I T I T T ] >|p 1:—”| I L I rorrrrn l T t I"o'—:
e - + Observed bestfit S - mMy=125.38 GeV wz.o ]
1.15 ATLAS Run2 ] Ob:x:d egf/o CI)L -] E 4
H Observed 95% CL .
1.10F AL SM prediction — S 107t 4
i . =
1.05 - . ) , ] :
- - 1077 ¢ E
1.00 - -
- . E Vector bosons
0.95F — 1073 ¢ 3" generation fermions |
C i —_ M . nd . . _5
- E r j,x’ i 2" generation fermions ]
0.90 E E r eeeeam SM Higgs boson |
085:_ _: 10_4?..| Ll Ll L N
C . = 1-4:"| LR T T T T ]
C N O q9oF 3 3
0.80 = = pl 2F } 1.05f ﬂ ]
c o ooy oy oy Ly T E 102-" ------------------------ }---f -------------------- 1'00?". "."f"-é
0.95 1.00 1.05 1.10 1.15 T 08F 095 E
oc 0.6_'" Ll Ll Ll L
Ky 107 1 10 10?
Particle mass (GeV)
Scale all vector boson couplings with ky, all fermion coupling modifiers of the Higgs boson to fermions and
couplings with kg heavy gauge bosons, as functions of fermion or gauge boson

mass, where v is the vacuum expectation value of the BEH.



Higgs to invisible decays o

* The measurements presented in these i R

slides show consistence of the 125 Higgs L TR
boson with the ngFs boson predicted by £ e g * ——
the Standard Mode . : T R Gem.
g mwﬂislanceﬂomnenler[ligl;t‘l;:;rsl Kb—'_T_.ﬂ_ E : .S ‘n_
* But we have many unanswered » . o e priiEm e |
questions and open points that cannot be L o oy — S
explained by Standard Model and for ealaxy rotation M
which the observed Higgs boson could | of ol e
play a role . N I Y o 1
* Among these open questions we have o8 1 124 e
the existence of Dark Matter and its O B - |
connection, 1f any, with this scalar ) ——— |
0 0.05 0.1 0.15 0.2

* Several Beyond Standard Model (BSM)
theories predict non-standard 125 GeV
Higgs decays

95% CL limit

B;,, <0.13 @ 95% C.L.

gravitational lensing

* These final states would consist (also) of SM BR for H — invisible (4v) is ~ 0.1%.
“visible” particles in the final states,
so one of the driving channels to search
for production of Dark Matter at the Bridge between astrophysics and high-energy physics
LHC is the study of H>invisible decays

Plenty of room for beyond-SM physics in Higgs boson decays!



Overview of Dark Matter models 6>

* For Dark Matter searches, theoretical benchmarks are necessary to sharpen the regions for the
study:
* to optimize searches and characterize a possible discovery
* to define a theoretical framework for comparison with results from other (non-collider)
experiments

SM \ SM SM X g b t

Z/h
H
t A/H(J’f X
'« X
\ Wt+MET

i :1\\
mono-H/Z

g X g W-

Mediator

Talk by Zirui Wang at the
Lomonosov 21 conference

oM ¢ SM SM \

Simplified s-channel mediator model: small ~ Higgs portal models: Search for 2HDM+a . Two-Higgs doublet extensions

set of free parameters. Interesting interplays enhancement of invisibly decays with a pseudo- scalar a. Gauge-invariant.
between Mono-X searches and resonance which increase BR(H—inv) Richer kinematics + phenomenology
searches. (~0.1% in SM). !
q g h . .
2 P Y'HDM+7Z, : TWO-HiggS SUSY: Slmphﬁed R-

parity conserving model

a vector Z’

\ < doublet: extensions with
A “
X



Events / 500 GeV

Ratio

Higgs to invisible decays o0

* A weakly-interacting, massive dark matter particle could interact with the
observed Higgs boson.

* Consider Higgs associate production: VBF+H, ZH and ttH
o Better background/signal

* select events with
o VBF: large E{™ss and high-py jets, no leptons, no photons
o ZH: same flavour opposite charge lepton pair consistent with Z !/
o ttH: large E;™ and 2 b-tagged jets (all hadronic final state)

ATLAS-CONF-2020-008 - AILLAS CONE-2020-02 ]

TATLAS Preimiary Pose ~ow e ] VBE H->invisible 109k ATLAS Preliminary Observed -

104 Vs=13TeV, 139 fb B w strong W EWK - m TE Vg =7 TeV’ 4.7 fo 1 : EXpeCted E

B Z strong Z EWK é . . = 08;— Vg =8 TeV, 20.3 fb__1 o + 15 —;

I otrer Multjet 1 Mass of the leading two jets S o7E Vs =13 TeV, 139 fb 1+ 26 E

10° g = 1 in the search region with all £ B E

- 1 background processes S 050 E

10° : stacked and compared to 2 04k | E

] : : O R =

— data. Ahypothetlca} Higgs 2 03 E

1.2F ~DaBkg '\ Unceftainty —Pre-Postft ' ' | | 3 boson 51gnal deca_ylng to Y 0.2F . =

1.1 £ — 1+Signal/Bkg 1+Multijet/Bkg T _: . .. . = -

= E = —

1@%\&\\ RN \§\E&§\ N 1nv1s(11ble final states 1s shown 0.1E =

0.9 3 inred. = | | ! ! 3

{12 S N LS S LW B 1P TN DT P 3 0 ttH VBF Combined Combined Combined
1000 1500 2000 2500 3000 3500 4000 4500 5000 Run2  Run2 Run2 Runi  Run1+2

m; [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
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Higgs to invisible decays

67/

Higgs portal: interpret in terms of WIMP mass and nuclear scattering cross section

ATLAS-CONF-2020-052

B, . <0.09 ATLAS Preliminary
H = inv \s=7TeV, 4.7 fo —
_All limits at 90% CL Vs=8TeV, 20.3 fb 7
Vs=13TeV, 139fb"  —
oo -I-_liggs Portal Other experiments |
$4btts Scalar WIMP DarkSide-50™]
waaw Majorana WIMP i LUX 7]
PandaX-Il __|
= = = XenoniT —
1 1 L1 1 1 I 1 1 ] 1 L1 11 I 1 1 1 1 | I T | I

10°

10°
Mye [GEV]

Comparison of the upper limits at 90% C.L. from direct
detection experiments on the spin-independent WIMP-
nucleon scattering cross-section to the observed exclusion
limits from this study, as a function of the WIMP mass.
The interpretation of ATLAS results assumes Higgs portal
scenarios where the 125 GeV Higgs boson decays to a pair
of Dark Matter particles that are either scalars or Majorana
fermions.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/

some examples of other Dark Matter searches at LHC ~ ©°

EMiss + jet  HEP11(2021)153

137 fb~1, 2016-2018 (13 TeV)
T T — 127

Dark matter as a new stable neutral particle

=
o
S
S
)

e | oy e e e e e U U e L
ExampleS3 2 1400~ Axial mediator ]
S 1 gq=0.25,g4=1.0 s
S Pa=025a =1 y
, 3 s [ : £ ; o,
SM \ SM é: 1200 Median expected K 0.667
-- 68% expected //Q‘
| -+ 95% expected Q&
1000 — Opserved 1 |-o.333
Mediator 800 - E
3 0.000

SM

SM cook

-0.333

95% CL upper observed limit on l0g1o(M

Mediator , ' | 0.667
ET"“-°'s searches searches 200 ", 1 '
“ETmiSS+X” "Di-X" 500 1000 1500 2000 L 000 1000
Mmed (GeV)
No signal found, setting limits on various
: . DM and non-DM benchmark models
Emiss + jet Di— X, ex: ZX o ,
Exclusion limits at 95% CL on the signal strength u = o/cy,
in the m,.q-mpy plane for coupling values of g, = 0.25 and
) g, = 1.0 for an axial-vector mediator. The black solid line
Other final analys_ed final states: indicates the observed exclusion boundary p = 1. The black
Emss + Z-=2>11, E;™ss + tt, 4t final states, dashed and dotted lines represent the expected exclusion and

the 68 and 95% CL intervals around the expected boundary,

resonances, ... .
’ respectively


https://doi.org/10.1007/JHEP11%282021%29153

Higgs boson decay to ccbar

* The Higgs boson decay to charm final states represents an important test of the
Higgs boson coupling to 2"¢ generation quarks.

* Search for H->cc follows the approach adopted for the identification and
reconstruction of H->bb decays:

consider VH production modes (advantageous S/B ratio)
o Further rejection from jet flavour tagging

| ’
I/ '
Displaced ; /
'
secondary | K
‘,‘ l’
1)

vertex

/

light-quark (uds)



0 lepton
Exp.= 40 x SM
Obs.= 35 x SM

1 lepton

Exp.= 60 x SM
Obs.= 50 x SM

2 lepton

Exp.= 51x SM
Obs.= 49 x SM

Combination
Exp.= 31x SM
Obs.= 26 x SM

Higgs boson decay to ccbar

arXiv:2201.11428
| T T T | T T T | T T T | T T T | T T T T T T
ATLAS e
Vs=13 TeV, 139 fo” CJ+2
----- Expected
VH, H = ¢

—— Observed

1 | | | | | 1 | | | | | 1 1 1

0 20 40 60 80 100

95% CL limit on uVH( _
cC

Full LHC Run-2 dataset
Combined fit of 0+1+2-lepton
16 signal + 28 control regions

Limit (@ 95%CL:
Pvheo< 26 (31 exp)

Combined
Expected 7.60
Observed 14.4

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet

Expected 19.0
Observed 13.9

oL
Expected 12.6
Observed 18.3

1L
Expected 11.5
Observed 19.1

2L
Expected 14.3
Observed 20.4

arXiv:2205.05550 submitted to PRL

138 fb (13 TeV)
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https://arxiv.org/abs/2201.11428
https://arxiv.org/abs/2205.05550

Differential measurements /1

Compared with inclusive measurements, differential distributions provide extended information on
the Higgs boson couplings, which can be extracted by fitting parametrized spectra to a combination
of differential cross sections. Distortions of the predicted differential cross section spectra might

appear, which are particularly pronounced in the transverse momentum py distribution.
CMS Preliminary 138fb~" (13 TeV)

;' 22 — I I I o I I I I —]
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Differential pp — H + X cross-section, along with (b) the corresponding
correlation matrix, as a function of Higgs boson transverse momentum
pr'! in the full phase space, compared to Standard Model predictions.
The H — vy (red inverted triangles), H — ZZ" — 44{ (blue triangles) and
combined (black squares) measurements are shown.

Differential fiducial cross sections for p/”. Data: black points
with vertical error bars showing full uncertainty. Coloured lines:
predictions from different setups of the event generator.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html
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The Standard Model Higgs boson

Total production cross section in proton-proton collisions
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Particle detection
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Present status (as of this morning ...)

BoAMEE - a a— YT

ATLAS + CMS Preliminary, \s = 7 TeV | —— Opserved m%v;rg\ag 5(3;31
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First ATLAS+CMS combination: based on data recorded until end August 2011:
up to ~2.3 fb! per experiment

Excluded 95% CL : 141-476 GeV
Excluded 99% CL : 146-443 GeV (except ~222, 238-248, ~295 GeV)
Expected 95% CL  : 124-520 GeV - max deviation from background-only: ~ 30 (my~144 GeV)
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Status of ATLAS searches ... until this morning

Results on the full 7 TeV dataset submitted for publication

s
\OCD
2 10 Combination of 12 channels:
.f:) H=> YY
% W/ZH>W/Z bb (3 final states)
] H—=> TT (3 final states)
. Ho 72(*) > 4l
0 ; H> WW(*) = VIV

H-> ZZ - liqq

H—-> ZZ = llvv

H-> WW - Ivqq

110 115 120 125 130 135 140 145 150
my [GeV]

111.4 <my<122.1 GeV (except 116.6-119.4)
129.2 < my< 541 GeV

130.7 <my < 506 GeV

Excluded at 95% CL

Excluded at 99% CL

Expected if no signal:
120-560 GeV
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Combined results : exclusion limits i

results
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300 400 500 600
m, [GeV]

Excluded at 95% CL 110-122.6 129.7-558 GeV
Excluded at 99% CL 111.7-121.8 GeV 130.7-523 GeV

Expected at 95% CL if no signal

110-582 GeV




H-> 4l mass spectrum after all selections: 2011+2012 data

ATLAS Preliminary

* Data
B Background ZZ

B Background Z+jets, tt

[ Signa (mH=125 GeV)

P Signal (mH=1 90 GeV)

B Signal (mH=360 GeV)

7 Syst.Unc.

H—zZ" -4l

l[s=7TeV: [Ldt = 4.8 fb
s =8 TeV: [Ldt = 5.8 b

Discrepancy has negligible impact on the

low-mass region < 160 GeV
(no change in results if in the fit ZZ is constrained
to its uncertainty or left free)

m(4l) > 160 GeV
(dominated by ZZ background):
147 + 11 events expected

191 observed

~ 1.3 times more ZZ events in data
than SM prediction =2in agreement
with measured ZZ cross-section in 4l
final states at Vs = 8 TeV

Measured o0 (ZZ)=9.3+1.2 pb
SM (NLO) ¢ (ZZ) = 7.4+ 0.4 pb
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ATLAS Preliminary

NLO QCD (MCFM, CT10.0)

ATLAS Data 2012 ({s=8 TeV)
e 2Z—>1lll (66<m <116 GeV) L=5.8 fb

ATLAS Data 2011 ({s=7 TeV)
o ZZ- Ill (on-shell) L=4.7 fb™
O ZZ- llvv (on-shell) L=4.7 fb™
Tevatron ({s=1.96 TeV)
e CDF ZZ-» li(Il/vv) (on-shell) L=6.0 fb™
® DO 2Z-> li(Il/vv) (60<m <120 GeV) L=8.6 fb"

L l 1 1 1 l 1 1 1 l L 1 1 I 1

8 10 12 14

/s [FeV]
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I Background 22"

I Background Z+jets, tt
—4— Data
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S gogl_ Vs=7TeV j Ldt=0.18fb" May 4, 2011 7
w0 _|
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£ N
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o O ATLAS Preliminary
H—2Z"' 4l channel =

0.15 [ Signal (m =125 GeV) -

0.1

0.05
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Global Effort > Global Success

Results today only possible due to
extraordinary performance of

accelerators — experiments — Grid computing

Observation of a new particle consistent with
a Higgs Boson (but which one...?)

Historic Milestone but only the beginning

Global Implications for the future

R-D Heuer

CE/RW
\

A




Church of
Domine quo vadis?

Higgs... Quo Vadis?

* Higgs Quo Vadis 2013: very interesting workshop held in 2013 at
the Aaspen Center of Physics

* Updated results on Higgs searches were presented and discussed

&/ Results: P-Values

il >

HIG-13-001

public soon

MVA mass-factorized Cut-based

o 1FTNIRIERRI b st Tl s Rl o 1 eEe s L i NS R TRVEE 19 6 oo 100/ AR RNAREENLEE
5. R s : 3k o N N - 10*— Obs. p ("a‘egmy) imi B
= | s i, s T RS y,.-—-\_m 5 0 T Exp. b (categon) ATLAS Preliminary N
&0 A \ a10'F i o 102 —— Obs. P, (inclusive) —
= [ \ \J i - ] - | _ Exp. P, (inclusive) —
g 2 M 3 1= B 3P
—102F E —102F E »F 20
] A, i ol i LR “30
10°F v 7 10°F 3] 0 —4o
» —TE—— - . oy 10% Data 2011, Vs =7 TeV 55
10 E - - Exp. for SMH 3 10 E === Exp. for SMH F Ldt =4. 8 fb =
E L \s=7TeV 4o 00 BN e \s=7TeV 10'8 — — 60
5;x|\s=8Tev ) T T D 10:_ Data 2012, {s =8 TeV A
10410115 120 125 130 135 140 145 150 103157715720 125 130 135 140 145 150 107 a , 182010 =
m,, (GeV) m,, (GeV) (o2 f Ldt=207f0" 70
Local significance: 3.2 o at 125.0 GeV Local significance: 3.9 o at 124.5 GeV 1014 T ooy Posnwlonmelos polumosluupaTeysnlosyul
110 115 120 125 130 135 140 145 150

r .volpe@cern.

Compared to the published results, the significance
decreased both because of re-analysis of 8 TeV data and adding new data.

Aspen 2013: Higgs Quo Vadis

m,, [GeV]
® Largest local significance at m = 126.5 GeV

v 14 categories: 7.4 O (expected 4.1 O)
W v Inclusive: 6.1 0 (expected 2.9 O)

Marco Delmastro ATLAS H->YY and H>Zy



secondary vertex

impact parameter (IP)

o
" e
- ) 3
Y
) 3

Hard scatter vertex

Fragmentation tracks

Multivariate technique, based upon the
secondary vertex information relative to
the primary vertex

EPJC 79, 970 (2019)

m | 1T | TT ‘ 1T I 1T I T I T 1T LI
S 1or ~ ATLAS Simulation -
8 [ V(s=13TeV, i — bete I
S 1 — - cjets _
.5 - - Light-flavour jets 3
3
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B-tagging discriminant for b-, c- and light jets

b-tagging

e Ata70 %

b-jet efficiency, rejections are ~ 300 (8)

for light (c)-jets

w 1.15

—
—
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b-jet tagging efficiency S

o
© o
o O

EPJC 79 970 (2019)

TLAS 's=13 TeV 805fb1
MV2, ¢, = 70% single-cut OP

—+— Scale factor (stat. unc.)
Scale factor (total unc.)

2x10?
Jet P, [GeV]

30 40 10°
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* Since that time, we have improved by a factor of 2 c-jet

rejections and factor of 40% in light jet-rejections:
ATL-

PHYS-PUB-2022-027

with state of-the art machine learning techniques


https://cds.cern.ch/record/2811135
https://link.springer.com/article/10.1140/epjc/s10052-019-7450-8
https://link.springer.com/article/10.1140/epjc/s10052-019-7450-8

Effective

Resolved

Production Loops Interference scaling factor scaling factor

o(ggF) Vv t-b Kg 1.06 - k7 +0.01 - k2 — 0.07 - K¢k,
o(VBF) - - 0.74 - k2, + 0.26 - k%
oc(WH) = - e,
o(q9/q98 — ZH) - - K7
o(gg — ZH) v t-Z 2.27 - k% +0.37 - k7 — 1.64 - Kz7K;
o(ttH) - - K2
o(gb — tHW) - t-W 1.84 - k7 + 1.57 - k%, — 2.41 - ey
o(qq/qb — tHq) - Y 3.40 - k7 + 3.56 - k%, — 5.96 - KKy

o(bbH) - ~ K2
Partial decay width
l-ZZ _ _ K%
FWW _ _ K%/V
r v t-W K2 1.59 - x2, 4+ 0.07 - k7 — 0.66 - Kk
_ _ K2
l—-bb _ _ K}%
rH - - i
Total width (Bgsy = 0)

0.57 - &7 +0.22 - %, + 0.09 - x2+

Ty v - f2 0.06 - k2 4+ 0.03 - k2 + 0.03 - k2+

2 2
0.0023 - 7, 4 0.0016 - x(, )+
0.0001 - & + 0.00022 -

84
Higgs couplings

Higgs boson production cross sections
c;, partial decay widths I'', and total
decay width (in the absence of BSM
decays) parameterised as a function of
the k coupling modifiers as discussed in
the text, including higher-order QCD
and EW corrections to the inclusive
cross sections and decay partial widths.

The coefficients in the expression for ['y
do not sum exactly to unity because some
contributions that are negligible or not
relevant to the analyses presented in this
paper are not shown.



Announcement at the LHCP2018 Conference ©°

New ATLAS result establishes production of Higgs boson in

association with top quarks

This rare process is one of the most sensitive tests of the Higgs mechanism

4 June 2018 | By ATLAS Collaboration

According to the Standard Model, quarks, charged leptons, and W and Z bosons obtain
their mass through interactions with the Higgs field, a quantum fluctuation of which gives
rise to the Higgs boson. To test this theory, ATLAS takes high-precision measurements of
the interactions between the Higgs boson and these particles. While the ATLAS and CMS
experiments at CERN'’s Large Hadron Collider (LHC) had observed and measured the
Higgs boson decaying to pairs of W or Z bosons, photons or tau leptons, the Higgs
coupling to quarks had not — despite evidence — been observed.

In results presented today at the LHCP2018 conference, the ATLAS Collaboration has
observed the production of the Higgs boson together with a top-quark pair (known as
“ttH” production). Only about 1% of all Higgs bosons are produced through this rare
process. This result establishes a direct measurement of the interaction between the top
quark and the Higgs boson (known as the “top quark Yukawa coupling”). As the top quark
is the heaviest particle in the Standard Model, this measurement is one of the most
sensitive tests of the Higgs mechanism.

4 June 201 88ycms

The first observation of the simultaneous production of a Higgs boson with a top quark-antiquark pair is being
published today in the journal Physical Review Letters (PRL). This major milestone, first reported by the CMS
Collaboration in early April 2018, unambiguously demonstrates the interaction of the Higgs boson and top quarks,

which are the heaviest known subatomic particles. It is an important step forward in our understanding of the
origin of mass. The paper features as a PRL Editors' Suggestion and also has a Physics Viewpoint article published

about it.

pp—ttH
| I—»;--p — € +Ve+V +Th*+V;
bw-— Bﬂrﬂp
bW+— b+q+q’ jet
u-
b-jet
jet : o

An event candidate for the production of a top quark and top anti-quark pair in conjunction with a Higgs Boson in the CMS
detector. The Higgs decays into a tau+ lepton and a tau- lepton; the tau+ in turn decays into hadrons and the tau- decays into an
electron. The decay product symbols are in blue. The top quark decays into three jets (sprays of lighter particles) whose names are
given in purple. One of these is initiated by a b-quark. The top anti-quark decays into a muon and b-jet, whose names appear in

red.



Higgs boson decay to ccbar

Tagging: c-tag + b-tag veto
to avoid overlap with Hbb

Tagger

DL1 c-tagger

c-tag + b-tag
veto

=
T
e —_

Mvaci0

Data c-tagging efficiency + total uncertainty
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I 1 I I I I T I 1 I I T I

= ATLAS Preliminary
0.4 .
Vs= 13 TeV, 80.5-139 fb
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VH, H— cC 27% c-tagging efficiency working point
DL1. + MV2c10 b-tag veto
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—C-jets —b-jets —light-jets

)

56 100 500 2000 50
jetp_[GeV]

c-tagging efficiencies:

c-jets: 27%
b-jets: 8%
light jets: 1.6%



