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Chapter Summar

LA brief introduction on the Higgs at the Large Hadron Collider (LHC)
JAn experimental overview of the discovery of the Higgs boson I N FN
> Covering in some detail the two main discovery channels Itituto Nazionale di Fisica Nucleare
[ The first properties measurements
> Mass and width
> Spin and parity
[ Status of the most recent measurements
> Couplings and combination of all channels
> Di-Higgs production
dSimplified template cross sections and coupling measurements
BSM couplings in the Effective Field Theory
Plans for the coming runs of LHC

DISCLAIMER: | am including a few more results from ATLAS just because | am more familiar
with them, but of course CMS has a pretty similar set of results
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The search for the Hi

d In the Standard Model (SM), p-p collisions can lead to the production of an Higgs boson

via the following diagrams

> A loop is needed to couple the Higgs to massless gluons: dominated by top-quark loop because

the Higgs coupling is proportional to the mass
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1 What we “see” in a detector are the Higgs decay products

O Higgs coupling to fermions (bosons) is proportional - ap = \/5% R gy = 2™
to the mass (mass squared)

» NB, the two Z’s are identical particles =2 reduced BR with
respect to H2>W+W- because of phase space
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LHC HIGGS XS WG 2013

O The photon is massless, but still the Higgs decays to yy
via loop diagrams with W and top

T 17
o
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Higgs BR + Total Uncert
Q =
r
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O In the case of the decays to W and Z bosons, one has 10°
also to consider the decay BR of the weak bosons into
each possible final state
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s boson search, before LHC

1 An issue similar to the unitarity violation in e+e- >W+W- ( solved by the diagram with the Z
boson exchange) arises in the W+W- - W+W- scattering (from the longitudinal component

W, W, W W) y o o ;
W- W- w W W- W

[ It’s canceled by the exchange of a scalar particle, that must have a mass M <800 GeV: the Higgs
boson in the case of the Standard Model

VW‘ W'> <W’

U Lower limits were set by previous experiments, whose results also allowed to estimate the Higgs
mass in the Standard Model hypothesis

W

W
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The situation after LEP

1 Every electroweak observable can be expressed in terms of the Higgs and top mass

et 7 - 2 Before LHC, the best fit for
" WW“U”“ . the Higgs mass was 12977 GeV.
Z WWEW and upper limit at 95% CL was at 285 GeV
g f anti-top
6
miy sin? Oy = m?% cos? Oy sin? Oy = ra (1+ Ar) . Adi =
V2GF 5] — 0.02758+0.00035 '
J ==+ 0.02749+0.00012
Ar 3Gr m?2 \/§GF 11 In m% + 4+ **+ incl. low Q° data ~
8r2y/2 ¢ 1672 \ 3 m% .
= 3 i
< 4
dPrecision measurements of the Z (LEP), W (LEP and Tevatron), 5 |
and top (Tevatron) allowed a fit of the Higgs mass _
O Only valid in the SM hypothesis = the 1 &
experiments were designed for a search over a broader 5 | Excluded -
mass range 30 100 500

my, [GeV]
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1 LHC is a proton-proton collider that can operate at proton-proton center of mass energies of up
to 14 TeV

> Reminder: that is not the center of mass energy of the interaction between the partons
1 The LHC experiments, ATLAS and CMS have taken data up to now in three periods:

I I I I I I I I I I I

;140:— ATLAS Online Luminosity =

, ST —mum a7y .

O Run-1: 2010-2012 Fraol —guen sy __

»center of mass energies of 7 and 8 TeV, fb! Ero0] — a2 5o ity / =

0 Run-2: 2015-2018 o b T eshe elieTey .

T4 - © 80— 4 ]

(O] = =

»center of mass energy of 13 TeV, 139 fb-1 § 60 -
[ Run-3: 2022-ongoing 40~ =
»center of mass energy of 13.6 TeV, at the moment ~180 fb-! 20 ¢

0: [ M f .

o PO" A\ oct

Month in Year
1 When talking about the discovery | will show Run-1 results, while all the results on properties
measurements will include the most recent Run-2 and Run-3 results
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Luminosity and pileup

1 In each bunch-crossing there are multiple proton-proton interactions occurring

: . . ‘ . = B0 T T T T T T T T T T
M The interaction points are distributed along S F ATLAS Onine,13TeV  [Lietdeots? ]
the z axis with a o of ¥ 5 cm g S0 2015: 2= 134
P C e f:"if o
3 Each primary vertex is reconstructed fitting a common g —f i o
I = [ Total: <p> = 33.7
position to groups of track 3 300}
©
2
é 200
. . . s " 3
1 The resulting resolution on the z of each primary 100f {
vertex is ~90 microns thus making it possible to separate e————— - 3
. . 0 10 20 30 40 50 60 70 80
the vertices using the z Mean Number of Interactions per Crossing

d We now reached ~65 mean
interactions, and will reach
200 in run-4
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Pileup in run-3
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Event: 22081991

2025%30~08 22:17:43 CEST

Mean Number of Interactions per Crossing
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Magnets
Tracking
EM calo
{
25m
HAD calo
-~
. Tile calorimeters
" N\ lAr hadronic end-cap and
[/ . forward colonmeters Muon
| / .' \ Pixel detector \
\ /7" Toroid magnets | ‘ '|| LAr electromagnetic calorimeters
[ /
Muon chambers Solencid magnet l Transifion radiation fracker

Semiconductor fracker

| Central Solenoid (2T)
+ 3 air-core toroids

Silicon+Transition radiation
tracker

Sampling LAr calo

Plastic scintillator (barrel)
LAr technology (endcap)

Reco and trigger
Standalone reco capabilities




The LHC detectors: CMS

- 1 central solenoid with 4T field

- Muon chambers magnetic field in the solenoid
return yoke

- Silicon trackers in the inner detector
- Crystal electromagnetic calorimeter
- Hadronic calo in brass + plastic scintillator
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Searching the Higgs events
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Some of the most sensitive channels

1 The most sensitive channels depend on the Higgs mass

O In the low mass (mH < 150 GeV ), in spite of the low
branching ratios, the ZZ(*)—>4l channel

M Channels including jets are in general difficult
> Large backgrounds
> Worse resolution in jet reconstruction

1 Exception are the b-jets (and c-),
that can be indentified thanks to their longer lifetime

[ Leptons and photons provide a cleaner signature

Events expected in
20 fb! at /s =8 TeV,

for m,=125 GeV H2h Lo
These are the events H>2z* >4l ~60
before any selection ! H2>WW->|vlv ~4000
At 13 TeV the rates increase H->1t ~20000

by a factor ~2
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Steps for building a selection

[ In particular for searches, it is very important to develop the signal selection without looking at
the data (blind analysis) in the signal region

This avoids biases in the selection: looking at the data can cause even involountarily to pick
excess regions and artificially increase the significance

The analysis can be developed using MonteCarlo, and looking at the so-called control regions

>Regions selected with cuts that remove completely the signal and only keep the backgrouns under
study

[ And, when looking for a signal, the most important thing is... the background:
> Processes that give the same signature as the signal you are looking for

> Can be either identical (same final state): irreducible background or a different final state that can
be mis-identified as the signal

1 For each signal a selection must be developed, aiming at maximizing the efficiency for the signal,
and the rejection for the background
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The H>ZZ*->4-lepton channel

U Consider only electrons and muons because:
> taus decay with neutrinos in the final state H

> channels with jets (llqg, ggqq) have larger BR but much larger - = = =
backgrounds, and worse mass resolution

> channels with neutrinos in the final state can’t be fully recontructed

[ Electrons and muons are the final state particles
that can be reconstructed with the best resolution

2 SERIRE ILELELE B | T L I | =

S 0.45F =

g 0.4 —Lepton1 | =

. . , = F Lepton 2 =

U The Higgs mass defines whether the two Z’s are £09% _,_:::tz:s E
both on shell or not °F —Leptond |
0.25: —

> For masses above 114 GeV, at least one Z must be 0.0 3
on-shell 0.15 E

0.1Ff ] =

d For the Higgs at 125 GeV, only one Z is on-shell, O'OEE' e
the other is a virtual Z* with mass above ~12 GeV 20 40 60 80 100 120 140 aggmg%f[eﬁg

Claudio Luci — Collider Particle Physics — Chapter 12

17




Ildentifying the muons
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§ . Material in front of muon System
2 1sf / - Tagged muon
\ End of active
- hadronic
10 R
I Extended 7
barrel [
: Barrel tile the ‘ Hadronic endcap Forward calorimeter :
51 ! i
5 \ =
\
_..—n-—‘"a/ ~ — /s 4
—EM barrel __> EM endcap > Cryostat walls
0——"'"-"1" L T ———— M ; /| | | I I ’ | |
0 1 2 3 4 5 \

_ T o H Combined muon
[ If a particle reaches the muon spectrometer, it is already

identified as a muon
> Small fraction of punch-through

 Then the muons can be reconstructed in different ways,

mostly as “combined” muons O O
> This depends also on the experiment layout, i.e. CMS and HH:*—l H

ATLAS are a bit different in this aspect
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Muon momentum measurement

[ In case of a spectrometer with a uniform magnetic field:

pT=qBp = 0.3B(T)p(m) o8 1e BRI
What is usually measured is the “sagitta” s //\
Sagitta

_03BL’ \_T /s
8P, \ ¢

\)

AKX I8N0 000000000
5%;1*ﬁ&yﬁ%ykph

/

Y

dFor example, measuring s via 3 equidistant points, s=(x1+x3)/2-x2

(—T(pT) 30 8P,

p, V2 *03BL
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[ The impact of the detector resolution on the momentum resolution
increases vs pT
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Muon momentum measurement

1 In addition there is the contribution from the multiple scattering

> stochastic scattering in the materials crossed by the muon

U The impact on the track direction decreases with the momentum

13.6 MeV
= z

0o
Bep

Vz/Xo [1 +0.038 ln(a;/Xo)]

[ So the final impact on the relative momentum resolution
0,1/P7is ~ constant

[ In general the rsolution is a combination of the detector resolution
and the multiple scattering, whose balance depends on the
detector structure

!
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11 00000000000000000000000000000
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[ Drift chambers

> For precision tracking ( and trigger )

> In total ~ 340K tubes organized in
tracking chambers

29,970 mm

> Coupled with dedicated trigger detectors ; MDT chambers
> In ATLAS since the beginning

> T
z / Cross plate
Multilayer
7 In-plane alignment
Longitudinal beam

] Micro-Pattern Gaseous detectors

»>MicroMegas
i . . " | \ Drift Elme'-lOOVA
" Fast signal induction and ¥ S
. . . 5mm : Conversion/Drift Gap 4 \\ E Field
charge collection for sustaining g e e
very high rates 128 Ampiticavion Gap ik AR e Fiela

» Crucial for the current and the
future LHC runs MMG

e Readout Strips
e Resistive Strips
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Trigger detectors and readout electronics

> Fast detectors for muon trigger (Resistive Plate
Chambers)

»>ASICs for implementing the trigger coincidences
> FPGAs programming for trigger algorithms

Scintillator-based detectors

> Scintillators with
wavelngth-shifting fibers

AAAAAA

Scintillator with a short attenuation length (a few cm)

> Silicon Photo-Multipliers for signal formation N2
I il WLS I
SIPM N SIPM
/

dThe ATLAS Rome Group is having since the beginning of LHC a crucial role in the design,
construction and operation of the muon spectrometer detectors

> Also on trigger and reconstruction software development and on all simulation aspects

 Also: research and development for ATLAS upgrades and for future colliders
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Identifving electrons and

1 An electron is identified by a track in the inner detector, spatially matched to a cluster of energy
cells in the EM calorimeter

W The criterium is in principle simple, but there are other objects that can create a fake electron

> jets and hadrons from quarks hadronization have tracks and energy deposits - main background
to electron identification

» photons have clusters exactly like of the electrons but no track in the ID = but another track in the
event can be mis-associated to the EM cluster

1 Some criteria to identify the electrons are:
> Low activity in the hadronic calorimeter in correspondence of the EM cluster
> Shape of the EM cluster
> Compatibility between the track and the cluster

 After the identification, the direction of the electron is given by the track, the energy by the EM
cluster energy

O For the photons, the criteria are ~ the same as for the electrons on the EM clusters, but of
course no requirement of a track and all the related variables
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variables

O Hadronic leakage and inner cells/total cluster energy

I B B I A N S B B N B N B B B UL L L DL L L L T
107 ATLAS Preliminary 3 oL | ATLAS Preliminary |
- ! Simulation - = Simulation 3
- | Isolated electrons . - Isolated electrons :
| i 'I \ —— Hadrons ] | — Hadrons -
102 ;; Ih"-‘-i -«----- Non-isolated clecirons j02 T Non-isolated electrons |
- | v —— Background electrons - E o Background electrons 2 =
gt 7 - -
i i - L
JE B (.
i : i,
i - . 'q:ri
| i
10 H .
i‘ 104 =

1&'5 T N T N N R Ilﬂ ‘IH | | ||- 10‘5 T IHHTS ol o by

-0.02 0 0.02 D []'4 0.06 0. 0.1 0 0.2 0.4 0.6 0.8 1

I:{ham Rl]
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Some electron discriminating variables

U An between track and cluster, and cluster energy / track momentum

1 | L | L | L [ Il _IIII ITrrfrrrryprrnd |||||||||||||||||||||||||||II_
15 ATLAS Preliminary = . ATLAS Preliminary
- Simulation 3 107 Simulation =
I — ] - —— Isolated electrons a
1[}_1 | = Hadwmrs _ B ——— Hadrons .
= - Nor-isclated electrons = i ==s==s+ Non-isolated electrons |
[ —.— Background electrons 3 102 F B~ = Background electrons S
10 E \\% E
E— -Ei I-I"-l...,_h . L ]
| - e ':' —— | 1&3 =lI"'-|''!""lll'!_".'"'.‘ﬂ. —
[ ) L S 'r"';L =
10° = 1. 3 Hﬂhﬂ\i-n-.i
- " Ll."'-'.": . T
I-'Hjlkﬁ-_:ﬂlfhm-f-ﬂ} --“"il'.-l-.‘-l.l-' i_E-_H
107* = 10°
= - :i. »
RN T A T T K S T S S N N A A A A T T R T —||||||||||||||||||||||||||||||||llm_|_l.i.u=
-0.02 -0.01 0 0.01 0.02 0 1 2 3 4 5 6 7 8 g 10

E/p
Amy
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4-lepton irreducible back

O gq—=2>7Z(*)24l has the same final state as the signal,
but with a continuous mass distribution

U The shape comes from the onset of the two on-shell
Z’s production at ~ 2xM,

[ The variable that can be used to discriminate
the signal from the background is in this case only
the mass of the 4-leptons N —

: : . 1'8;_ ZZ background | ]_i

> Doing an assumption on the SM scalar Higgs 166 E
hypothesis, also the decay products angular 1.4 =
distributions are discriminating 1.2 E

11— =

0.8 =

Here the plots are normalized to 20 fb-1 at 8 TeV 0.6 E
> Expected SM distributions 2:: E
O:IIIIIllllllllllllllllIIIllllllllIIlllll:

150 200 250 300 350 400 450 500
4-lepton invariant mass [GeV]
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Irreducible background

q =

O gq—=2>7Z(*)24l has the same final state as the signal,
but with a continuous mass distribution

U The shape comes from the onset of the two on-shell
Z’s production at ~ 2xM,

U The variable that can be used to discriminate
the signal from the background is in this case only
the mass of the 4-leptons

> Doing an assumption on the SM scalar Higgs 2 ‘ # background —
hypothesis, also the decay products angular 12 B Hisos signai 125 Gev E
distributions are discriminating 1.4 E
dHere the plots are normalized to 20 fb-1 at 8 TeV 32 :
> Expected SM distributions g; :
0="50 200 250 300 350 400 450 500
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Irreducible background

q

O gq—=2>7Z(*)24l has the same final state as the signal,
but with a continuous mass distribution

U The shape comes from the onset of the two on-shell
Z’s production at ~ 2xM,

U The variable that can be used to discriminate
the signal from the background is in this case only 1
the mass of the 4-leptons

> Doing an assumption on the SM scalar Higgs 22: 2z background :
hypothesis, also the decay products angular 1.8F- B Higgs signal 125 Gev |
distributions are discriminating i3 E
1.2F =
1 E
1 Here the plots are normalized to 20 fb-1 at 8 TeV gg: E
> Expected SM distributions 0.4 =
0.2 —

O 120 130 140 150 160 170
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Reducible backgrounds

[ In this case the final state is not exactly the same as for the signal, but there are objects that can
“fake” the signal signature

1 For H>4l the main reducible background is a single Z produced in association with two jets
[ In case of jets from light-quarks (not b or c):

> possible misidentification of the jet as an electron

> decay in-flight of pions and kaons within the jet (T2 uv K-> uv) that can produce a muon track

[ Or, they can contain leptons produced via

. e;
decays like:
> m=2>uv K>uv , easier to discriminate

> decays of hadrons with heavy quarks

O All these occurrencies are very rare, and in general can be
discriminated via cuts on the track impact parameter and P 7
Z

on the isolation, but, the Z+jets cross section is ~ 5 orders
of magnitude larger than the signal one e- /
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Some real events

EXPERIMENT
http://atlas.ch

@ATLAS

204769
71902630

2012-06-10
13:24:31 CEST

Event:
Date:
Time

{
=)
(a'4




Some real events

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST
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July 2012: the discover

O Number of events in a mass window around — 7 ]
the signal peak 120-130 GeV 3_- -
E- _ — — :
Signal ZZ%7  Z+jets. i Observed —% .
4u 2094030 1124005 013004 0 - 77
2eluf2ute  229+£033 030005 127019 5
4e 090014 0441004 109020 2
Total expected signal: 5.3 events
Total expected background: 4.9 events

Total observed events in data: 13 !

Already a simple calculation shows you something: the probability to observe
13 events when you expect 4.9 is 0.17 % ( of course no syst errors here )

Claudio Luci — Collider Particle Physics — Chapter 12



H-> vy selection

1 In spite of the low BR (~0.2%) this channel has the clear signature of two energetic and isolated
photons, with a narrow mass peak

1 The main backgrounds are the irreducible 2-photons continuum:

maVAVAVAVAVR q

RYAVAVAVAVAVEL SR NAVAVAVAVAYSY

—\/\,/\/\f\;—YQSLQ_QQQ,,\%ig Y
Y

O And the +jet, or 2-jets, or 2-electrons, in which jets or electrons are misidentified as photons

|

RQQQQ0 .9 4 RYATAVAVAVAVE B R teTeTe T lo R g

Q|

VWY 9 QQQQ0 a 9 Y

The continuum background can be fitted with empirical functions (close to an exponential)
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H=> vy results in July 2012

O In this case the background has to be fully extracted from a fit to the data distribution

> The functions to be used in the fit can be studied on the MC, on a sample that contains a mix of th
expected backgrounds

> |t’s very important to avoid introducing fake signals with the fit

[ Events are divided in categories based on number of CMS 1527 ToV,L =51 15" 15 =8 ToV, L =531

jets, region of the photons S LN . .
. O L 8 Unweighted
> Purpose is to 0 L 01500
1 C (RS RN SRR L Y [REDME SR PO N [ EORN. EOEN BT O RN SR, IDEE: SONNL PR I et PR PR, R ‘_1500 '\ :
select the categories - YTy 1 = k 2
Wlth the bESt o 100:— Sig+Bkg Fit (m =126.5GeV) c [ 31000;
E I order polynomial ] () i -
S/B ratio, as this > %F e = 0 I .. Y
- e = 1000 130
enhances the sensiti B . = i m,, (GeV)
. . 401 = = I
> categories optimized - (s=7 TeV, [Lat=4 b : o | y
" \s=8 TeV, [Ldt=5.9fb" H-yy = o Dat,
on MC+data Sl 31 =o00r L N
%’ 8 ' — [ e B Fit Component
. Al LD N N s PO T y
- T S N | B 20 ]
g = : ) ) ) ) r 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ‘ 1 1
a oo 110 120 130 140 150 160 w 0 110 120 130 140 150
, [GeV
m, [GeV] m,, (GeV)
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Exclusion or discover

U Let’s consider the simple case of a counting experiment
> One can always go back to this case selecting a narrow mass window around the signal peak
1 First of all we need to consider the “expected” number of Signal (S) and Background (B)

»>These can be derived either from simulation (signal , and in some cases also the backgrounds), or
from data (backgrounds)

1 Then, we need to consider the number of events that pass the selection in data: N
1 There are two possible cases:

> N is close to B or smaller

> N is close to S+B or larger

[ Plus, all the cases in which N is somewhere in between B and S+B

O If we consider a mass window around the signal, and count the events in that window, our
search becomes a counting experiment

U Let’s see how to deal with these cases in the frequentistic approach
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O If N is close to B, or smaller than that, we can probably exclude the presence of a signal, but how
can we quantify the probability that a signal is excluded ?

1 We must consider the hypothesis of S+B expected events, i.e. that a signal exists, and calculate
the probability to observe n<N events.

> P(n<N|S+B)

1 In other words, we calculate the probability that S+B can fluctuate down to N or lower: if this
probability is low enough, we can exclude the presence of a signal (CLg)

[ To set a limit at @ confidence level, the probability must be:

P(n<N|S+B)<1- a
dSo for example if a=95% (the value normally used), the probability must be <5%

1 The probability distribution to be considered for n depends on how large S+B is
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1 When the number of observed events is instead close to S+B, it’s possible that we are observing
a signal... But how to quantify the observation ?
1 In this case we must consider the hypothesis of only background B, and calculate the probability

that the number of events can fluctuate to N or a number larger than that:
p = P(n=N|B)

M The significance Z is defined as Z=@1(1-p) where @
is the cumulative of the standard gaussian

o
2
=

M In other words when p is equal to the 1-sided probability
content of a gaussian, corresponding to the integral from B+ Z sij
significance is equal to Z sigmas

> It becomes S/VB for a gaussian distribution: the probability
that B fluctuates to S+B — Z— X

1 A discovery is normally claimed at 5 sigmas, but there are intermediate situations, i.e. in which
one can neither exclude nor claim the discovery of a signal

1-sided 5-sigmas corresponds
> Exactly the situation in which we were in December 2011 ! to a p value of 3 x 10”7
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Likelihood ratio

1 The actual significance calculation is actually more complex, but based on the same principle of
testing the (in)compatibility of the data with an hypothesis

> Only background hypothesis for discovery

> Signal+background hypothesis for exclusion
1 Use distributions instead of pure counting experiment (binned or unbinned)
d Introduce systematic uncertainties

> For example, one might have an uncertainty on the normalization of a given background, or on
its shape and composition

> Or, the uncertainties could come from detector performance, for example, how well do | know the
efficiency of electron/muon/photon reconstruction?

O In this cases one introduces a set of “nuisance parameters” O ( a vector ) each component
corresponding to a given systematic effect

Claudio Luci — Collider Particle Physics — Chapter 12 38




Likelihood ratio

M So as a function of u and O one can write a likelihood:

N :
Y SRV ¥
L(JLL, 9) = l_[ (}u’S} T '}) e_(ﬂ5j+bj)

n;!
j=1 !

i.e. the product of the poisson probabilities over all bins of the distribution. u is a scale factor for
the signal, i.e. u=1 means a SM signal

U To test a value of y, letting the syst vary one can write the profile likelihood ratio

where @ is the set of nuisance parameters that maximizes the likelihood function for a given value
of u (so the conditional set of nuisance parameters), that can be scanned

While the denominator is the maximum likelihood, obtained for the values (u, 9)

fixed i.e. in this case the maximum is a normalization
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nificance

1 So to calculate the discovery significance using the likelihood ratio one should refer to the case
of background-only ( as in the counting experiment ) and use the “test-statistics”:
g0=-2InA(0), or better:

= 1o, i<0, f(t |u)

k=S

t obs
A Then the p-value to quantify J i
the disagreement with the p-value
background-ony hypothesis is: / p-value

o0
| |
po = f(qol0)dqo t, - x
q0,0bs @) (b)

U The f(q0|0) can be analytically calculated using some approximations, or, derived from the
simulation

dYou can find more on that in: Eur. Phys. J. C (2011) 71: 1554

Claudio Luci — Collider Particle Physics — Chapter 12 40




U The exclusion can be applied on the value of y, i.e. say a value of u about a given value is
excluded at 95%

—
o

In fact, a clear region appears,
where i =1 can’t be
excluded

ATLAS 2011-2012 [+
(s=7TeV: |Ldt=46-48f" L 1*20

j . CEa 4 — Observed
(s=8TeV: |Ldt=58591" kg, Expected

Y

—

b

95% CL Limit on p
|

"
"F
- -

107 = (a) CLs Limits —
110 1s0 200 300 400 500
m, [GeV]
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The actual discovery plots

p-values as a function of the tested Higgs mass
—> Discovery at mH ~ 125 GeV

o IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIlII

o
= ATLAS 2011-2012  __ .
3 (s=7TeV: [Ldt=4.6-4.8 fbo - Exp.
- P
\s=8TeV: [Ldt=5.8-5.9 fb" [J=1o
1 i T e e T iy Ooc
n [0 i e Y < e 1o
T T 20
107 --.-.--.-.'Z'::*.-.-..._ﬁ..‘ ................................................. 3
100 |
10° . 4o
— - Vv 10‘6 ____________________________ Y
R —— 107 ~ >
— 10°8 e
R - o 10-9 ________________________________________________________________ 60
R e e LT 10_10 -~
R e 23."{:: ----- ;;-: 10-11 T T N T T N T T T A B |~‘|“1 | IR B B B
S 110 115 120 125 130 135 140 145 150
P IR SN AR B R R A B mH[GeV]
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Mass and Width
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Mass measurements

1 You have seen the Z and W mass measurement techniques:
> Z: measure the cross section at different e+e- center of mass energies

> W mass: use direct reconstruction of the mass peak, or the W+W- cross section vs the center of
mass energy

In the case of the Higgs at LHC, the mass can be measured directly reconstructing the resonance
invariant mass, in the channels where that’s possible, in spite of their low BR

> Inthe H 2 ZZ* - 4-leptons and H = yy is visible as a peak on top of the background

[ Crucial point is the calibration of the muons, electrons and photons energy scales

[ In fact the detector response is affected by many experimental effects, that is usually difficult to
model in the simulation

> Detectors alignment, knowledge of the magnetic fields, active and passive materials
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Calibrations for the 4-lepton channel

x10°

 Leptons energy scale and resolution
need to be calibrated, to make sure that
the simulation reproduces exactly the
data

»>The peak of known resonances (Z, J/y)
can be used on this purpose

L Get MC corrections in bins of  (one
can also correct data)

> scale: pT=s0+pT(1+s1)

> resolution: add a smearing with
sigmas Ar0, Arl x pT

U The procedure is similar for muons and
electrons
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Data /MC

s=8TeV
L=2031fb"

L T e e o
Chain 1, CB muons

—+— Data
= Jw
[ Background

v --—-- Uncormected MC

Entries /0.5 GeV

x10°

. ATLAS Chain 1, CBmuons |
_ —4— Data —]

- s_BTeV1 [z .

- L=203® [ Backgriound
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[ Like every calibration, the momentum scale and resolution is affected by systematic
uncertainties

O In the case of the 4-lepton channel, whose error is at the moment still dominated by the
statistical component, systematics have a small impact (also thanks to the good calibration)

LN B B e e B B e o B e e R e a e my LA B B B B B BB B B B B B B B B R R LI B

T T T 3.25_lrlw|ll|\|lv LI N B
+4-Data - ATLAS 4 Data

S T g = =

8 92.5— ATLAS —] 8 ]

= C 1s=13TeV,2.7 fb" —MC = - 323 1s=13TeV, 2.7 fb" —MC _

E 920 Zou Syst. uncert. = “E Jy—up Syst. uncert.

91.5— = u ]

- - 3.15— =

0.5 - 3'TW

90— — - ]

= - 3.05_— —]

_:““!““l t t - f f t f ‘:_ e T

O 1.002F — o 1.005 -
T Bt 5

= E E 1oty g O O T e R g g e
= S

0.995 -
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* One lepton pair comes from an on-shell Z, so constraining their invariant mass to MZ
leads to an improvement on the resolution

o Likelihood fit constraining the di-lepton mass to the Z lineshape
o Up to ~17% improvement in the resolution

- Recovering photons from final state radiations leads to a ~1% improvement
- Besides the 4] mass, more variables enter in the fit mass

o Events categorized based on a BDT designed to separate the signal from the irreducible background
o Event-by-event uncertainty on the 4|l mass

> 180‘ ? ¥ : I J ! I A ¥ ) I ! ! i [ = ‘m_, - === = LESS G S e B > | pTT AN AL LA RN LA RN RN AR E RN RN R~
5 o =] Bt & Dala [} =N . =l
& [ ATLAS Preliminary 0 "= 1 &, ATLASPreliminary ° " ., 8 9 ATLAS Preliminary ¢ Daa ]
160 H > 2Z* > 4l . 1 Qp100FH-2ZZ -4l - & qof . — Fit ]
w0 Ve - 1 -z 1w - Vs=13TeV, 139 b ! 80FH— ZZ* — 4l 3
i - Vs=13TeV, 1391b B i 1 I 00L VWV s - 1
@ 140 = Z+i(;ts. ft . L PRy Aa0 e B Zjets. J > - Vs=13TeV, 139 fb" DBackground
E [ % 4 Uncertainty N 80+ W Uncertainty = QC) O
()] / N - : - >
S + g
L
60
40
20
‘ 0
"1 05 0 0.5 1 105 110 115 120 125 130 135 140 145 150 155 160

BT m,, [GeV]




1 The resolution on the invariant mass depends on the photons ST
energy and angular resolutions \
9
my, = \/2 E1 E2 (1 — COS AQ) = 2\/ E1 E2 sin — \'
Smyy (1 8E1 o 1@ & 4 Sm( ) 1.- Measure
Myy 2 El 2 Ey Sm(T) -. photon direction
For the typical values of photons energy resolution ( ~ 3%/E) and 2 Deducezof PV

angular resolution (~ 5 mrad) one can see that the angular term
is larger than the energy one - right vertex association is very relevant

dPhoton energy calibration more difficult than for the leptons,
as no calibration resonance can be used

> Still events like Z (orJ/) = ee+y, can be used, after having calibrated the electrons

[ in general however the systematics on photon calibration are larger than those for electrons
and muons
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m,,[GeV]

ATLAS 41 with 139 fb-1 at 13 TeV
mn=124.94+0.17(stat)+0.03(syst)

ATLAS vy with 36 fb-1 at 13 TeV
mp=125.32+0.19(stat)+0.29(syst)
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CMS Phys. Lett. B 805 (2020) 135425
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Width measurement

o~ 103 S ' T 3 2
> - B
d In the SM, the width of the Higgs at 125 GeV 8 - 18
is On|y4MeV 5102? ........................................................................................................................................ E%
- E
J We have seen that the experimental resolutions 10 A _
on the Higgs mass are of the order of the GeV,
so three order of magnitudes 1 - i
> No way to directly measure the width
> Only Ilmits Very far from the SM Value Can be Set 10‘1 ,___ ___________________________________________________________________________________________________________________________________________ ____
 But, there is a way to indirectly measure the width, - _ __________________________________________________________________________________________________________________________________________ _
looking at the off-shell signal strength 10
100 200 300 500 1000
M, [GeV]
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Width measurement

(J Better limits on the width can be set using the off-shell 2 My,
nggs Signal Strength r““ EOur analysis is in the ZZ channel ;
O The two most sensitive channels are H>ZZ*—>4l and E ' |
H2>WW=Iviv ol

(J Some assumptions need to be done:

1072 '
> Same couplings for the on-shell and off-shell Higgs '
> No new resonance exists in the region below ~2 TeV

109 ,
(as confirmed by direct searches) |

[ pb]

do=7V  gh0a (5) Sdecay () <
2 2 i
dmyy (m3y, —m%)” +m3T? -

2 2
pp—H—ZZ gHgg 8HZZ ,
~N—_——— 106

onshell my Ly Ooffshell . ' N. Kauer, G. Passarino
Xlg JHEP08(2012)116
2 2 Oonshell
pp—H-ZZ gHgg 8Hzz 100 2My 2 M, 1000
offshell MZZ — my T
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Example of width results

[ Combining the 4l and the llvv channels from ZZ decays
1 DNN discriminant and transverse mass to discriminate the signal from the backgrounds
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L Just after the discovery, the spin and parity quantum numbers had to be measured to verify the
scalar hypothesis ( 0+)

O For this, the angular distributions of the decay products in H>7Z, H>WW and H>yy have been

used
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Higgs Couplings
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™ &3
- Gauge couplings to the vector bosons
VBF Production Associated Production YY decay VV decay VBF pair production
a q o H Y W,Z e
H H V%§~;~/~H
B VT§§~‘;~H
a q W/Z Y W, 7Z o™
* Yukawa couplings to fermions
ggF production . mgduction t YY decay fermion-antifermion dgcay ggF pair production

VAVAVAVAVARR

00000
;, VAW f & t,b
H H
tb4  MB-------- H - H @ ----- fy = @ eeeea- t,b
& _ _ t,b
g TTTTTL—e—o t f g 700500

* Higgs self coupling and VVHH coupling

Higgs-pair production via self-coupling Higgs-pair production via VVHH coupling

q q

__-H
tb -- .

T~<H
t.b \

q’
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ldentifying the production modes

=80 % Gluon ftsion togF) 1 ggF is the dominant production mechanism
’ : > use carachteristics of the other production modes can be used

ty H
t

92999999290 to disentangle them
~7% Vector-boson-fusion (VBF) D VBEF
: . > Select events with two jets in the forward regions, and with
] Wz large eta separation

q

1 VH Associated production (or Higgs-Strahlung)

4% HiggeSteatiupg (VH) > look for the decay products of the W,Z boson
W,z

q W,z < > typically leptons (e,mu) to avoid large background
v contaminations

 ttH is a complex final state

Q|

> can be caracterized by the presence of b-jets from top decays
g £ > also, high multplicity events

g (1 None of these selections is perfect—> always some level of
contamination
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VBF and VH Production Identification

Two jets In the forward region, separated in eta and with large invariant mass, to separate VBF
production from ggF and from other backgrounds

> _| | T [ T T T I T T T | T T l_ N Ti|\||||||l|l|||llll |||||||| [||||I|||f c\!0‘06_[_]II]]II]]II‘IIIIIIIIIIYIIIIIIIINI]IIIIIIII‘_l_
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Leading Jet n

1 Two leptons (e, mu) with invariant mass compatible with the Z, or a high-pT lepton with a pT
compatible with a W decay, to identify ZH and WH associated production



1 An observable that is very important for the couplings measurements is the signal strength

» Defined as the ratio between the measured and the SM cross section times BR

oF BRy i = production mode
Hi = (0;x BR))sm

and = —
s T BRYsm f = final state

= Wi X pp, with p; =

1 Thus the number of events per channel can be defined as:

ng = Z Z Hi(oi)sm X pr(BRp)sm X Afy X &7 X L
P 7

[ Measuring the event yields per production mode and decay channel allows to look for possible
deviations from the SM (u’s different from 1)
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th and k-framework

Signal strength

- The first characterisation of the Higgs couplings properties happens via the
measurement of the signal strength

o Can fit a global u or fit pi assuming SM for the decay, M = BR
or fit iy assuming SM for the production cross section (i X BRy)sm

o Global u fit results:

- ATLAS p=1.05=+0.06 =1.05 = 0.03(stat) = 0.03(exp) + 0.02(bkg th) + 0.04(sig th)
- CMS M =1.002 £ 0.057 = 1.002 + 0.029(stat) + 0.033(syst) + 0.036(sig th)

K-framework

- In this framework a set of coupling modifiers k alter the signal strength,
without affecting the kinematic distributions

 Each o x BR can be parametrized in terms of these couplings strength
modifiers

- Can also accomodate any non-SM

(O'iXBf) = kLZO'SM
invisible or undetected component
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lified template cross sections (STXS

M Including this topic for completeness ( but no need to go into the details... )

The k-framework introduces modification factors that do not alter the kinematic distribution
with respect to the Standard Model

> Only an overall normalization of each coupling contribution is left free to vary

U To allow looking for deviations of the differential distributions, the so-called STXS framework is
used

 Measure signal strengths in bin of the truth quantities
> Within each bin the SM behavior is assumed
U Use the same binning definition for all channels simplifies a lot the final combination
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Main results with run-2 data
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CERN-EP-2022-094
JHEPO7 (2021) 027

Analysis requiring two high momentum photons, background fit from data

Machine Learning -based algorithms for event categorization

Multi-class discriminant to categorize the events aiming at STXS bins
> Better performance than just using Pt(yy) and Njets

* Dedicated discriminants to separate signal from background in each STXS bin
> Training on signal MC and background sidebands . X%%sgws I - |17'3|7|f|b‘ (13 TeV)
. . . . 5] - H—yy,m =125 38 GeV All categories .
» Choosing variables in such a way that no bias on the myy % o S/(S+B) woighted ]
distribution can be caused =R ¢ Data ]
L)) . i
. . 5 40 — S4B fit -
= e.g. use pT(y)/my instead of just pT(y) s N B component ]
£ so[ IEARY .
S 1 T LI L L A B L S 0_14__‘"""""""""""" """""""""" - % B [ ]*20 ]
2 1= :lSIQnaI selected ATLAS Simulation - = C ATLAS {:]TargetedSTXSreglon . = 20__ E
S o DS } Signal rejected Vs =13 TeV, 139 fb™", Hoyy 3 & .qof f5=13TeV, 139" Hoyy T ‘D’;'::'szz’;z;zgm"s E = . g
- [ 1 C...i Other processes 1 E C gg - H, 1-jet, 120 < p'' < 200 GeV ] & r ]
€ C 99—>H,1-jet,120Sp:<200GeV 1 5 o E T E
e 10'p i & - oot . @ .
- - ] 0.08]- ¥ - :
10-2;_ S _ 0.06 .
- T, : 0.04F =
10*35— - : = 0.02:— " —:
c T T Wt it S i R o O:. s : T ]
0 0.2 0.4 0.6 0.8 1 004 0.2 03 04 05 06 07 08 098 1

Multiclass BDT output BDT score



CERN-EP-2022-094
JHEPO7 (2021) 027

G, B (fb)

Ratio to SM

e STXS number of parameters of interest can
change depending on the merging scheme

adopted,

> Min merging scheme 28 bins, results from
both ATLAS and CMS

p-value=31%
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H=WW=l|viv

CERN-EP-2022-078
CERN-EP-2022-120

* Given the large BR, this channel is one of the most relevant in the couplings measurement
> Analyses either Different-Flavor only (ATLAS) or Different+Same-Flavor (CMS)
> Further categorization based on kinematic properties

> Backgrounds mainly from control regions normalizations

* Signal strength extraction from the transverse mass, mi, or from the fit to ML-based discriminants (
in particular for VBF and associated production channels)

> Dedicated discriminant against DY in SF channels

mr = V(B + Bp) + ot + P
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H=WW =|vlv STXS results
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H->ZZ* -4l

Eur. Phys. J. C 80 (2020) 957
Eur. Phys. J. C 81 (2021) 488
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Ratio to SM
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* Very clean signature, limited by the

small BR

* Mass peak clearly reconstructed on top of the background,

ideal channel for many precision measurement of Higgs

properties
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Phys. Rev. D 99 (2019) 072001

. o . 3
* First direct decay to fermions observed 5 SEP T
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H-tt updated results

CERN-EP-2022-027
JHEP 08 2022 175

* Channel with the highest BR to leptons (first observation of lepton coupling), but
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* Many exclusive channels added later
> VBF, VH and VH boosted

tagged subjets)

Observed exploiting the associated production signature
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Channel with the largest BR, but complicated due to the large back;
at hadron colliders
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Search for the H=>uu deca

* The H->uu decay offers the best opportunity to measure the Higgs interactions with a second-generation
fermion

* Events are categorized in 23 mutually exclusive categories
> Di-lepton mass fit in the 110-160 GeV region, correct for muon QED FSR

> Background modeling from core function (LO DY mass shape) convolved with di-lepton mass dependent resolution x empirical
functions, category dependent

* Signal strength u=1.4+0.4 corresponding to an observed(expected) significance of 3.40 (2.50)
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JHEP 01 (2021) 148
Phys. Lett. B812 (2021) 135980

* Rare decay channel (BR=0.02%) that offers the possibility of observing the direct coupling to second generation
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Combined couplings fits
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O By production mode, assuming SM decay BR CMS 138 b (13 TeV)

® Observed | |+1 D (stat)
= +1 SD (stat @ syst) || +1 SD (syst)
— 12 SDs (stat ® syst)

 All the main production modes have been
observed with a significance of 5 ¢ or more

»Uncertainties from ~7% to ~25% : | Stat Syt
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Signal strengths per decay channel, assuming CMS 138 15" (13 TeV)

SM values for production cross sections e Observed |21 5D (stat)
= +1 SD (stat ® syst) || =1 SD (syst)

(d Rare decay channels Zy and pu not

— 12 SDs (stat @ syst)
observed yet, all other decay modes observed - ; Stat Syst
. . o o |.|.W 4@— 1.13+0.09 +0.06 fg:g;
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§ TE, u#z - 09751 0% o
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1 It -
31072 _ _ ],Lﬂ —@-:- 0.85+0.10 +0.06 =+0.08
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® 1.21 » 13 :
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K-framework fits

Fitting only two coupling modifiers, one for < 14| aTLAS | S SM predicion
: 13| Y e e s —oecl |
all vector bosons and one for all fermions I e Ry
) Best fit
JAssuming no BSM invisible or undetected 1y
1.0
decays ool
0.8
CMS -l
g— | | I I | | I I ) I | I | 1 | | 1 0 7 s ®$2®ZV5W
|| * Discovery # LHC Run1 < This paper | | 0.6 | @77 D Comb.
1.5 |[—68%CL ---95%CL ¢ SMHiggs |— 05707 08 09 10 11 12 13 14
i —— 1 L T RRT  UR A S R
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I | .05 3
i / ‘ 1 1.00 X <
05 ; i 095/ + -
I :' ’ 0.90F £
i | 0.851 -
i 1 0.80 3
0 0 | | | 1 [ | | ] r | | ] | 1 | | | 1 o | | | L
] 0.6 0.8 1.0 1.2 1.4 0.95 1.00 1.05 1.10 1.15
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K-framework fits

O Couplings modifiers per interaction vertex, left free in the combination of all production and decay modes

> Including effective couplings for loop-mediated processes

[ Also fit in a scenario in which invisible (SM+BSM) and undetected decays can contribute to the total width
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Couplings vs mass

Cross check of the linear behaviour of the vector bosons and Yukawa couplings

2 m m
g i Sy
gv =2 " gr " KFT or KVT
0 (o) 0
P- yalue 56 A> and 65% cms P value 37 5{% aten
> B — .
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Fiducial and differential cross sections
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Cross sections

1 Use the events selected, in a window around the mass peak, to measure the production cross
sections

>Another important check of consistency with SM predictions
To be completely model independent, the “fiducial” cross section can be measured

>Define the acceptance A as the fraction of signal events falling in the detector volume
= This can be a model-dependent quantity
> Efficiency C as the fraction of signal events within the acceptance, that are reconstructed and

selected
__ N(Fiducial) ___ N(Reco) _ _ _ Nsig
A= N(Generated) C= N (Fiducial) 0Tot - BR A-C-Liny
The fiducial cross section is simpl _ __ _Nsig
von by PV opia- BR= &
given by: | s hint
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Differential cross sections

sig Nsig is calculated as the number of

da. = AN events in data, minus the number of
e €3 St ° S expected events

reco
Nz'

Afd Correction factors calculated for each distribution bin

C; =

WIn fact, the correction factors need to take into account the detector effects

Typical variables for which the differential cross sections are calculated are those most sensitive
to possible New Physics

> pT and rapidity of the Higgs
> number of jets, and their transverse energy
» for channels like H>ZZ*—>4l, the invariant masses of the 2 lepton pairs
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Differential cross sections in H>2Z*—>4l

(JGeneral method to extract the cross section:

»>Consider the signal region ( via e.g. a 4l mass window )
>Subtract the background, unfold to truth level quantities with bin-by-bin correction factors

—
o
—_
oo

I ( I I [ | [ | I

— —_— — | q
> C [ I \ > E
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Q “EHozz 54 Hogs (12560 Q161 5 77* 4 dogs 125600 | 2 20pH 22 o4l Higgs (125 GeV)
T gf fs=13Tev, 139" 2z 7 ., [ {s=13TeV, 13910’ 7zt i = s=13TeV, 139 fo° P .
< 85_115<m4,<1306ev -txx,vvv E S 14[115<m<130CeV -tXX,VVV < 18115 <m, <130 Gev LW s
S s 7 B Zijets, —: 9 B B Zijets, tt g 16 B Z+jets, tt .
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Unfolding matrices

U Get (from simulation) the probability P(truth bin|reco bin) with the binning required for the
differential measurement

ATLAS Vs=13 TeV H— ZZ* - 4l ATLAS /s =13 TeV H— ZZ* — 4]

| [
350-1000 b bbb b 10.03 ‘ |
_ , _ : . : . : ; Njets23 0.01 0.06 0.35

N o5 (truth)

[GeV] (truth)

200350 . 002083

4
T

120-200 . 002048 _ ................................ ................................ ........................... _|

p

80-120 . oo2044001 Nigis=2 006 034 0.06
6080 . . 1002 041 001

45-60 1003039002

s S T s T — Nee=1| 004 = 034 = 006 001
3045/ | 10.02:0.39 0.01 A |

2030  0.03 0.38:0.02

1020003 039 002 = . Nes=0| 038 005 00

o-10|041.004. | | |

I I I | I I I I I
N..:=0 N,z =1 N =2 N
0-19 105, 20-30 30-45 95-6, 60-g 60-1 20<0-2 0%00_ 3 5%50\ 100 jets

jets jets jets23

N.
p¥ [GeV] (reco) jets (reco)
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Differential fiducial cross sections in 4l

* Some results and comparison to models / generators
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Combination of 4l and

e Total and differential cross sections

 Typical variables that can be combined are
the Higgs pT and rapidity

> Sensitive to possible new physics
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Run-3 update

O Adding the point at 13.6 TeV with the first run-3 data
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Effective field theor

[ Effective Field Theory (EFT) is a tool to study possible effects beyond the SM, whose direct
observation, for example via a new resonance, would be possible only at scales higher than those
actually reachable

Mg Nag
Lsmerr = Lsm + Z ﬂiofﬁ} Z Mﬂ{s’

O Limiting to O(6) operators, a given matrix element can be expressed as:

2

Msmerr =

Mg\.,.-[ + Z .:EM

2

C.
N - . L M. oP(c
o X |MsmerT]| ‘M5M+ E :ﬁth i =1+ E AFL; + E BFC;L;*

CiCj Interference terms can contain CP-even Beyond Standard Model
At contributions, while CP-odd can only be BSM

Ci
= |..,-"qlr"15['|..-f||2 + ZERE {M;Mv'u;} F

+) 2Re (M}M;)

ij
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EFT couplings fit in H>Z2Z*->4l

1 Each production mode is more sensitive to a different set of couplings

CP-even CP-odd Impact on
Operator  Structure Coeff. | Operator Structure Coeff. | production decay
Oun HH' (7,,1!, H CuH Oun HH' qpuy H CiH ttH -
Ong HR'GLGPA g | Oya HH'G,,G" Y cye ggF Yes
Onw HH W, W cyw | Oyyy HH' W/,, wwt e = | VBF,VH  Yes
Ousg HH'B,, B* CHB Oui HH' B,“ B Cyi VBF, VH Yes
Onws HH' r’Wl’“,B“" CHWE Ouiva HH' r’Wl’“ B"™ cywa | VBF, VH Yes
5 f I I 1 I I I i Z F | T T T T |
o - ATLAS 3 @ S5 ATLAS E
L 4 HoZZ'-odl 1 & 4 f Hezzo4 :
m [ Vs=13TeV,139f0" 1 @ [ fs=13Tev, 139" R
o 3~ ¢ Daa —— Cyg = 0.004 ] e 3F ¢ Data — ¢,z =002 ]
= TF creou=T5 a0y =085 3 T F vvtow=26 =13
F --igp=04 Coe = 1.0 = of- ;=04 ¢ we=07 k
2: + - ;_I_ _r 1 * E + 4 | — -—L : L] E
-I: } __é__,___ — — J l . 1_—.+.—.r....t.......:...:.:.._‘;.....:......:........ ..'..:.:'..::4.4.;..}.:-,:1... ...4._,.-‘.1...........:
oF * T + A B + ? ? E
_15_ : | | | | | | | | | | _f -E | | | | 1 | | | L
%o, s, s, % o % %y % &
'9'*'?‘5/ ‘9@& 9@6’ ‘9@4’ 9(-_,& ‘9@ ‘9@& 99‘36; ‘79‘3& 999& QQ.'%, %, Q?s,/‘ 9,90/ -&f{‘ P&AQ_}S’ A @,93 t"‘}"o e%? “3’5’ %\3& %‘9\3&&
% % % % :0‘3’ 2 P Py P % 2 B 2y > 0,@‘%: ROTN
$h Bn P 08 T, 5%, 8K g, R, o Y
e z%ﬁ vs@'& ‘(0:,,'4' 1 5%, @ <y 7 % © % % 9

o % Particle-level productlon bin

Particle-level production bin
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Double Higgs production
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(1 Double Higgs production can happen via ggF and VBF, with fermion and vector boson couplings:
VBF pair production

ggF pair production
L] H q— : q
- t,b * T
V e
t,b t,b v
v . ® H
t,b i ' ) i
g vovoo——@ - - - H q

Or, via Higgs self-coupling and VVHH quartic coupling:

Higgs-pair production via self-coupling Higgs-pair production via VVHH coupling

g T , H q

E OO0 *H

But, the total cross section is three orders of magnitude smaller than the one for the single Higgs
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[ Given the very small cross section, in this case one has to rely on the highest-BR channels

U Main analyses are bb+(bb, 17, yy), although also multi-lepton and ZZ are considered

[ Current observed (expected) limits on the HH signal strength are: ATLAS-CONF-2022-050
Nature 607 (2022) 60-68
o CMS: pHu<3.4 (2.5)
oL, — —i38 0 (13 TeV)
o ATLAS: pHH(2-4 (2-9) K=K 1 —s— Observed wssss Modian “m”
Ky = Kpy =1 B8 580 expected
_ e g5
ATLAS Preliminary S e -

4 ~ Expected limit I~ 1
Vs =13 TeV, 126—139 fb (Upw = 0 hypothesis) Eb zEd ©
Ogr . ver(HH) =32.7 fb I Expected limit +10 Coserved: 38

[ Expected limit +20 Multilepton B 1
Obs.  Exp. Coorvec 21

............ i bb i :
bbyyl | i 42 57 Expﬂud 55

§ Obsarved: 8.4 L N

5 ; | bb Tt
bbr*t |- : 4.7 39 Expociod: 5.2
3 Observed: 3.3
4 : bb bb
bbbb|- { ; 54 81 Expoctod: 4.0
; Observed: 6.4
V » Combined
Combined- ¢ 24 29 Expoctad: 2.5
Observed: 3.4
W MR BT | g gcg: ) o g-9-0 § g 9..9:.9 il | i PR S S |
0 5 10 15 20 25 30 1 10 . 100
95% CL upper limit on HH signal strength L 95% CL imiton o(pp »HH) /o,
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Self and quartic couplings modifiers

U Limits on the signal strengths can be used to derive limits on coupling modifiers k; k5,
applied to the HHH and VVHH vertices respectively

[ The cross-section dependency on the modifiers comes from interference
4 x,,=0 excluded by CMS with 6.60 significance

5 T 7 . - N—— e 1813 TeY
= [ ATLAS Preliminary =~ = Opservedimit(35% CL) ] < S et o bt ]
T | V§-13TeV, 126—139fb"' = Gired hypothese) ! 1 § B Thoocy predicacn.. (D 60% emose 3 | S Theory prediction [l 60% expected
L 104 HH-bbT* T~ +bbyy+bbbb  m=m Expeciedimit+io - T 96% oxpocted =t = 95% expected
% - 23 Expecied imit +20 - - 10° I
> BN Theory prediction 1 E '
J_ ST SM prediction g ,&,
& = 9
o 10° 5 3
"""" E E
- 3
g 107} g
o o
102k 4 &

10‘10"‘ 5 Al'0‘ 5"“10 ‘15 L]~ N R > PUDWPIR [NUTONNN RSP 170 '\ 2 HPUPUTON K
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O
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™ T | I
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E
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Conclusions

1 Run-3 is providing new data at 13.6 TeV p-p center of mass energy and with upgraded detectors
> Both ATLAS and CMS have reached ~300 fb-1, we’ll take data until June 2026
O A lot of new results on Higgs properties measurements will be based on these new data

O Hi-Lumi LHC with phase-2 upgraded detectors and further improved theoretical calculations
will bring even more the Higgs measurements in the era of the precision measurements

Ys = 14 TeV, 3000 fo"' per experiment

Total ATLAS and CMS ATLAS and CMS HL-LHC prospects 3ab' (14 TeV)
— Statistical e 12
HL-LHC Pi t Ty s 2
—— Experimental e = | SM HH significance: 4o .
—_— Uncertainty [%)] c Combination
Theory 0.1 < xz < 2.3 [95% CL)
Tot Stat Exp Th ﬁ 10} b A * B
K = 18 08 10 13 ' 0.5<x:<1.5([68% CL) bbyy
Kw BE— 1.7 08 07 13 00.4% cL O bbrr
Kz B 15 07 06 12 “* bbbb
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9 : : bbZZ*(4l)
LY — 34 09 11 31 _ =3
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0 aaaalig 11
sz — 98 72 17 64 -2 -1 8
0 002 004 006 008 01 012 0.14 K

Expected uncertainty
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What vou can mostly focus on

U Higgs production mechanisms and their main characteristics
1 Higgs decays and their main characteristics and signatures
1 Main discovery channels
> Experimental signatures and main backgrounds
[ Exclusion and discovery significance (only in the case of a simple counting experiment)
U Higgs mass and width

d Methods to extract information on the Higgs couplings and look for possible deviations from the
Standard Model (you don’t have to know the results in detail, just understand the methods)

> Signal strengths
» Kk-factor method
» Fiducial and differential cross sections

(1 Double Higgs production

1 In case of questions or curiosities just pass by the office 229
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SAPIENZA - End of chapter 12
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