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Historical background

Shortly introducing the Standard Model and its shortcomings to motivate our studies at the
LHC



1930: The knowledge of matter




1960-70 new level: QUARKS




The etemem&mv cownskituents
of watter are spin 1/2
particles (fermions)
quarks and leptons

L@.P%cms




What about forces

The force carriers are inteqger spii Far&i&tes (bosons)

&







What is responsible of particles masses?

The Higgs field that fills the space. Particles get mass by interacting with
it.

**}***}* The vacuum is like the
surface of still lake
collisions produce waves

Higgs boson
spin zero particle, m~125 GeV

Vacuum is filled!






History

*The Standard Model predicts that the Higgs boson and field acts as a sole
player in the game of Electroweak symmetry breaking.

*This is a strong prediction that has yet to be verified experimentally.

*Answering this question is one of the pressing goals for the future
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ey Dark Matter: the first puzzle

Universe content

=

visible matter 5%

Stable Ordinary particles
Can they explain everything?

No!




History
Why Is our universe made of matter and not anti-matter?

2. One of the major shortcomings of our understanding of particle physics is the matter over anti-
matter asymmetry in the universe.

3. While the Standard Model does predict a matter vs. anti-matter asymmetry, it is much too small
compared to what we observe.

4. Moreover, the thermal history of electroweak symmetry breaking is important for particle physics
and cosmology. If in the early universe, there was a first order electroweak phase transition (think
boiling water), this could explain the matter vs. anti-matter asymmetry as well as sources for
potentially observable gravitational radiation.

5. The Standard Model’s prediction is again clear — no first- order transition. Therefore if such a
transition took place, the Higgs doesn’t act alone and some new physics is present.
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History

The neutrino masses. . ..

2. How to incorporate in SM neutrino masses?
Why are they so small?

fermion masses
dre sr@ be

U e Ce le
V, —eieV, V3 e Le Te
Y I S S S [ A I I S AN B
ueV meV eV keV MeV GeV TeV

New physics should appear in the worst case at Planck scale where quantum

gravity effects become important and quantum filed theory breaking down.Very
large scale 1.22 x 10!° GeV!
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History

Hierarchy Problem

If SM is a complete description of Nature _

Energy (GeV)

no hierarchy problem. 10" | Planck
10'® | GUT
But the SM has unresolved issues which point to New . 8
Physics (NP) Y ~
If NP appears at Planck scale unnatural =
large difference wrt EVV Scale .
Most accredited models LHC -;/(), Weak
predict NP @TeV scale.
| TeV=1000GeV
| All of <
\& known
’ physics
LHC range -

s Solar System
10 Gravity
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LHC

LHC accelerates protons in opposite

Poit & e
=28 -f',gms St directions along a 28 km ring.

Protons collide at experiments @13.6 TeV

Collisions bring us back to Big Bang
producing particles abundant at that time

|6



LHC

TeV collisions

Oq |

,
X a
-

Proton Collisions

Parton Collisions

New Particle Production
(Higgs, SUSY, ....)

Bunch Crossing

collisions happen

_— at center of detector

<«
75 m (25 ns)

- e
Proton Proton
colliding beams

Collisions are among quarks and
gluons that constitute protons

N>

Produce new particles in final state



Typical detector

Detectors built to observe particles
produced in collisions

V= /" quark/gluons seen as jets of particles in a
\_ harrow cone ’

Muons
debectors

hadronic

= Calorimeter

Calorimeter

particles interact tracking
differently with detector

* '\%Electrons
used to disentangle | :
them




barrel New Small Wheel (NSW) barrel toroid magnet
muon chambers muon chambers & a n
N>~

\J

endcap '
muon chambers | /| . N inner detectors
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 ym) ~1m?* ~66M channels
Overall length :28.7 m Microstrips (80x180 ym) ~200m?* ~9.6M channels
endcap toroid Magnetic field  :3.8T

magnet

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

endcap calorimeters

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers
barrel electromagnetic calorimeter

solenoid magnet PRESHOWER

Silicon strips ~16m?* ~137,000 channels

barrel hadronic calorimeter

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

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels
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desector ATLAS Detector Trigger

* Trigger (online event selection for permanent storage) is of paramount importance since is the first cut applied
any physics analysis

* Two level trigger system
J 40 MHz

Level-1 (L1)

- Hardware-based trigger

- Inputs from Calorimeter and Muon systems with coarse
detector granularity defining Regions of Interest (Rols)

- Latency: < 2.5 us
i, 100 kHz

High Level Trigger (HLT)
- Software-based trigger

- Full detector granularity

- Latency: ~ 0.5 s average

\l, 1 kHz average x 1 MB/event = 1 GB/s

=
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The Structure
of an event

| will here introduce few concepts by showing what happens when two protons interact, i.e:

*hard scatters

*Radiation: ISR/FSR

*Pile-up

*Parton Density Functions (PDF’s)
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Few useful reminders on hadron
—— collider kinematics

Protons (and antiprotons) are formed by quarks (uud) kept together by gluons

The energy of each beam is carried not by the entire proton, but by one of its constituents

Ecollision < 2Eb

Pros: with a single energy possible to scan different processes at different energies

Consathe energy available for the collision is lower than the accelerator energy




The Structure of an event: PDFs

Initially two beam particles are coming in
towards each other. Normally each
particle is characterized by a set of parton
distributions, which defines the partonic
substructure in terms of flavour
composition and energy sharing. This
determines the energy of the interacting
partons (Xi, X2)

P/P

1 1
P(p(P1)+p(P2) =2 Y) = / dxy / dxo Z fe(x1)f5(x2) - o(qe(x1P) + qe(x2P) - Y)
Jo Jo :

N

partonic x-section:
phase space™ matrix element

o Incoming beams: parton densities



The Structure of an event

-

u JUUUUVUUDUUVDUVUULVDUUUUVUUULVDUDUUYDU UL

dg

P/P

— One incoming parton from each of the protons enters the hard
process, where then a number of outgoing particles are produced. It
is the nature of this process that determines the main characteristics

of the event.

Hard subprocess: described by matrix elements



The Structure of an event: resonances

-

u JUUULUVDUDUUDUVDUUUVDUUUVDUVUULDUDUUDUU LU

dg

P/P

The hard process may produce a set of short-lived resonances,
like the Z%/WV+* gauge bosons.



The Structure of an event: ISR

+
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P/P

One shower initiator parton from each beam may start off a sequence
of branchings, such as g = qg, which build up an initial-state shower.

Initial-state radiation: spacelike parton showers
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The Structure of an event: FSR

-

.

The outgoing partons may branch, just like the incoming did, to build
up final-state showers.

- Final-state radiation: timelike parton showers

32



33

0000000000008660000000000C
s LR RAA A

a0 QA B 000
™ A Yy U
- a"'.\". ) .-"'-.- ‘;..M ‘ -

P/P
In addition to the hard process, further semihard interactions may occur between the other partons of two

incoming hadrons.
There is in time pile-up which comes from the same bunch of protons from the interaction of interest, and

can be resolved by setting the interaction points location by identifying vertices.
The second type is out-time pile-up, which which comes from other proton bunches when the detector has

not yet recorded the signal completely due to dead time, the time needed for a certain detector to be able
to record an event after a previous one



The Structure of an event: hadronisation

The result of the hadronization is that quark and gluons are |
not observed as free particles but as Hadrons, and actually &
in the detector as jets of particles in a narrow cone K



2010
O(2) Pile-up events

150 ns inter-bunch spacing

2011
0(10) Pile-up events

50 ns inter-bunch spacing

Design value
(expected to be
reached at L=10341)

2012
0(20) Pile-up events

50 ns inter-bunch spacing




. J The Cross-section
the cross-section

~————— background
number of contamination in
observed events the sample
./ Number of observed events is proportional to
1) Luminosity
| B Nops — Npi 9 2) analysis efflcnency
cross section: J — 3) cross section of the process
/ N f Y
selvared by L Ngp=JLdt € O

E =&ty * Ereco *€ID * €sel

1 barn = 1072 m? = 10°* cm?

L 2
The luminosity is a parameter of the LHC and Frev Mpynen N° revolving frequency: f_=11245.5/s

can be increased : ~
4 Tt 0, Gy #bunches: n, . =2808
#protons / bunch: N = 1.15 x 10"
Area of beams: 470,06,~40 um
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Signal and backgrounds

Other processes (background) can mimic signal final state.
Same particles in the final state!

HIGGS Signal SM backgrounds

33



Cross-sections/ number of Events

Fermilab SSC
CERN l LHCl

Large cross-sections and what is interesting is rare:
- x-section ttbar ~ |nb (800pb)

1 mb

1nb

o (proton - proton)

Events / sec for &£ = 10340m'2 sec

-
1 pb m,,= 100 GeV

0] , o -
e 1 TeV
O Higgs

B =500 GeV\

| | |
0.001 0.01 0.1

-3
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Cross-sections/ number of Events

Fermilab SSC
CERN l LHCl

—..‘_

Large cross-sections and what is interesting is rare:

__.M 10 - x-section ttbar ~ Inb (800pb)

1 mb

s ¢ __=-X-section jet production ~ 100nb (100000pb)

LN
(-
w

o
= 103 cm'2

o (proton - proton)

1nb

Events / sec for &£

10
H
1 pb m,,= 100 GeV
Gz‘ .
m_,= 1TeV
O Higgs

B =500 GeV\

| | |
0.001 0.01 0.1

-3
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Cross-sections/ number of Events

Fermilab SSC
CERN l LHf l
, Large cross-sections and what is interesting is rare:
1mb
g - x-section jet production ~ |00nb (100000pb)
§ 1ubb vg
3 =
- . I
2 W
e B —
= S
° 1T ion Higgs production ~ |0pb
E - x-sectﬂon Iggs production »
B cC
g
o L
1pb - mH=1OEiGeV
Vo -3
B msiTey
O Higgs
B =500 GeV\
| | I

0.001 0.01 0.1

36



© 2002 National Geographic Society. All rights reserved. L] NATIONALGEOGRAPHIC.COM




S Run2 LHC Schedule

We are here

<) LHC/ HL-LHC Plan Run

H\ﬁ

S, _LARGE HADRON COLLIDER

| | Run 2 | |

EYETS : 13.6 - 14 TeV

13 TeV energy
Diodes Consolldation
splice consolldation olimit LIU Installation ' , -
7 TeV ﬂ button collimators ln eraction - inner triplet ) Hlt-a:th(i:
R2E project reglons Civll Eng. P1-P5 pilot beam radiation limit Instaliation
X "
2050 I}l
ATLAS - CMS =
experiment upgrade phase 1 ATLAS - CMS . nomin%ltigfr?i
beam plpes - : ' HL upgrade
nominal Lumi 2 X nominal Lum|_= ALICE - LHCb : 2 X nominal Lumi :

'}anominal Lumi '/'— Ugrach
-1 integrated [EAUML fb!
m 190 fb m luminosity LIRS

HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY & PROTOTYPES e CONSTRUCTION INSTALLATION & COMM. PHYSICS

The luminosity (L) is a parameter of the accelerator,

related to how many collisions one gets and is measured in fb-! .



Single Higgs
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Single Higgs

and Francois Englert & Robert Brout
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Single Higgs Production

ggH Gluon fusion

g
g
T
Q.
&
. . ©
VH: associated production 1

I LI I Fr i ] L I LI I I I L I L I L I IR I I
= M(H): 125 Gev—g
_ LOE ) _
. QCD * N ~

H (N3LO
- pp 2 N
E LO EW) — =
) qqH (NNLO QC2 = = -
i pp — EW) :
. L, WH (NNLOQCD ™ NLOEW) —
F — ~ 7H (NNLO QCD + N\—SO = QCD in 4FS) 3
. in 5FS, .
./g‘;% | -
e O i

T T TTTTIT]
mmunnny i

—
—
—
—_
—

|
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—
-
—
—
—

()
~N -
o=

10 11 12 13 14 15
/s [TeV]

N,  LHC HIGGS XS WG 2016

Vector Boson Fusion VBF

ttH

Higgs bosons are produced by a variety of mechanisms,
the most important of which is gluon-gluon fusion (ggF).
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Higgs decays

*Once produced, the Higgs boson can decay into a variety of final states.
By analyzing rates in each production&decay channel, we can determine Higgs couplings.

42
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Higgs decays

BR(%)
bb 57
WW 22
TT 6.2
ZZ 2.8
YY 0.23
Ly 0.15
HH 0.02

*Once produced, the Higgs boson can decay into a variety of final states.
*By analyzing rates in each production&decay channel, we can determine Higgs couplings.
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Higgs discovery in run |

A scalar boson compatible with the SM Higgs has been discovered in run |
as shown by the combination of ATLAS and CMS run | results

Greatest achievement of run |
concentrated effort on its properties: CMS ys=7TeV,.L=5.11b" {s=8TeV, L

=53 1fb"

o o 1 L [ L I I ] | 11
= magnitude of couplings G:D 1o
= Mass measurements —
. 4] 20
= spin/CP > 107
1
a 3
QO L I | I L L I LI I L I LI D | ' 1 I | I m
= ATLAS 2011 - 2012 obe S10* 40
§ (s=7TeV: [Ldt=4.6-4.8 fb” - Exp. -1 [
\s=8TeV: [Ldt=5.8-5.9 fb" +10 A
e R o S = b 10 50
10 1o '
102 Emmeann, T e 20 - ' =
:gj m"""""“‘w"{; """"""""""""""""""""""""""" =0 10’8 —| === Combined obs. | —
oS S A 4o e ;‘:’ SR e 60
10° ~.d i — = |
N 107 i E
10°® ™ . — L .
L " Ry~ 15'Y - H_’Etb . B
10‘10 \'\ 10'12—111|i11|1i|111 I 111‘T1111 1111—70
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140 145 150
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EXPERIMENT

http://atlas.ch

Run: 203602 AN %
Event: 82614360 Fiatl YN IO M)

" R ot oA WY
) e 5 " g g .-é‘(l( X
e o0 X AT W e
T “ Ao X 5 “\‘.“hri ‘.‘, 2
Date: 2012-05-18 O\ : X \wwgw,

A o
1 a7t Lly 555 X
O // i \’“ AP L e
Time: 20:28:11 CEST N\ /) R NI 17 S ey
\ ‘\. y

3 o~ Y ¢
b o L e ¥
i

i
o

NN
MR

N WS
NN
= N




W
o

Events / 3 GeV
S o

N
(&)

N
o

Run | discovery ™ Run2 precision

MS Supplementary

CMS Preliminary
L

C
il Z > F
N t Data Ns=7TeV:L=51fb" (5 500 Vs=13TeV:L=137fb"' (2018)
- m,=126 GeV Vs=8TeV:L=19.6fb" 2 < | &3 Hi2s) B Z+X
- Zy* 727 — 9 i s T2V $ Data
- Ez+X - S 400 |- 99/9q — ££.2Y
-l - = [ .. 50 > [ 118<my<130 GeV
- o - : (:D 75 :"— }
: : oo b ool
o | ® — - w e
: - 1 : : + 25 :_
N Tl - 200 |— ?
B il ~ I red! 020 125 129
} i B . my [GeV]
- | ? i 100 |- Pon
| |t - el IIT 1 i i ’
H f gttt L L] ¥
80 100 200 300 400 600 800 780 100 140 200 300 400
my [GeV]
m,, [GeV]

Run 3 trigger detector and analysis improvements!
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Object reconstruction is fundamental

We have to reconstruct the particles in which the Higgs decays in the best possible way.
This really pays off, as you will see in these lectures.

Fundamental are the reconstructions of
- leptons ( muons, taus, electrons)
- photons
- b-quarks and c-quarks ( flavor tagging)
- Boosted objects
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Flavor tagging

We tag b-hadrons and c-hadrons thanks to the fact that there is a secondary vertex

b— jet

‘(\0‘&( y

~~ ¢ — hadron

IPT = =< - & TV

48
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Boosted objects

At the LHC given the large center of mass energy and given that the SM particles have masses below 200
GeV, also the heaviest SM patrticles often acquire large momentum >> m — production of “boosted objects”

/L 7 - \\ ~Jet 1
Normally we reconstruct jets with R=0.4, boosted X
If the object is boosted the jets in which it decays
cannot be resolved in small r-jets

" et 2

\

1.7 _
/./

Recover sensitivity to boosted objects by boosted X - \| single
developing boosted taggers, using larger R .
pINg g9 g larg —~— /; fat jet

= /7:2“/\\\ //
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Boosted objects

At the LHC given the large center of mass energy and given that the SM particles have masses below 200
GeV, also the heaviest heaviest SM particles often acquire pT >> m — production of “boosted objects”

Resolved
Boosted

1 .-

Recover sensitivity to boosted objects by boosted X o
developing boosted taggers, using larger R

= /7\2‘)\\ K
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1ggs

C-jet rejection
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Boosted H->bb/cc tagging
ATL-PHYS-PUB-2023-021

» Boosted b-tagging: new algorithm, GN2X for large-
radius jets: tagging boosted H(bb) jets and H(cc)

jets.

small R-jet tagging
Jet Flavour Ta

A e e L
= ATLAS Simulation Preliminary
F VS =13 TeV GN2
- ttjets, ep =70%
- ERunSreco
5 i GN1
] . DL1d
- DL1
2017 2018 2019 2020 2021 2022 2023

Year

12000

11500 -

11000

:5V

ing With GN1 and DL1d

12500

jection

jet re

Light

« GN2X benefits from advances in flavour
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Flavor tagging in continuous evolution
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/%20https://cds.cern.ch/record/2866601/files/ATL-PHYS-PUB-2023-021.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/

Higgs terminology

‘ We talk of signal strength, defined as the U parameter:
* U is the ratio of the measured cross-section with respect to the SM expectation.
* U=| means that we measure back the SM

| We also have introduced kappa’s k-framework:
*k is the ratio of the a Higgs coupling with respect to the coupling from SM expectation.
*k=1 means that we measure back the SM
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Higgs
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P = 1.04*019 = 1.04 + 0.06 (stat.)

E 2500~ 4 pata ATLAS E
© = Vs =13 TeV, 139 fb™" 7
» 2000— Background m,, = 125.09 GeV ]
- - . _
L=, - — Signal + Background ,, categories Z
= 1500C In(1+S/B) weighted sum 1
© ~ S = Inclusive -
e 1000 —
S - T%eests, ]
7] - -

500— -
g 100F
= S0F
5 Ol
O
I =50
4v]
©
O

+0.06
—-0.05

(theory syst.)

+0.05
—-0.04

(exp. syst.).

Please note that theoretical error is at level of other

4\
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errors!


https://arxiv.org/abs/2207.00348
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Please note that theoretical error is at level of other
errors!



Higgs
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< 10% uncertainty

Higgs Couplings

CMS 138 fo' (13 TeV)
® (QObserved +1 SD (stat)
w11 SD (stat @ syst) - +1 SD (syst)
— +2 SDs (stat @ syst)
- ! Stat SVSt
Kw —— 1.02:008 10.05 :0.05
K5 + 1.04:007 10.05 +0.05
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K| —e— 11238 22 oo
+0.34 4031 +0.14
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Couplings to gauge bosons H = yy, H— ZZ, H—> WW <10%

Parameter value

~ 10% uncertainty

Nature 607 2022 60

CMS 138 b (13 TeV)
® QObserved +1 SD (stat)
= 11 SD (stat ® syst) | |+1 SD (syst)
— 12 SDs (stat @ syst)
B ! Stat Syst
YY : +0.07
1) "'E_: 1.13+0.09 1006 _
uzz —=— 0977377 5o ‘oo
uWW —:—' 0.97+0.09 +0.05 +0.08
]..lm —E—;— 0.8510.10 10.06 +0.08
Lbb —-E-— 10502 .o15 10718
M * 1045 4042  +0.17
u X 1'21—0.42 -0.38 -0.16
pe —————— 2597 55 o
PR TN T N ST T T W AT TN WA TAN U N W NN NN A M R
O 0.5 1 15 2 25 3 35

4

Parameter value

Run 2 Great precision on
Higgs Couplings 30 times
discovery statistics

and 3rd generation fermions H— 77, tt precision 10-12%; H—bb observed ( 7 sigma)
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Higgs Couplings

00— \ \
Kz ATLAS Preliminary
- Run2: Vs =13TeV ,36.1—-140fb" —
KW —0— Run 3: Vs = 13.6 TeV, 165 fb™
i m, =125.09GeV, |y | <25 |
Kt : o , Leptons Quarks
K © e dl s n First run 3 measurements

entering the coupling plots!
- 30% / 38% improvement in Ky / KZy

Force carriers Higgs boson

< T EaEd

Ky| — T —
Kg — e —e— Run 2
e ¢ Run 2 + Ru
K'y —— —— SM prediction
KZ)/ ------------------------------ o —— ¥

|| ||| I
1.6

Parameter value 57




Higgs Production

All the main production modes have been
observed with a 5 o significance

* Main production modes (ggH, VBF) probed at ~
10% level

* ttH ~ 21% level , VH~18%

.llggH

g

HwH

HzH

M tH

i tH
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Parameter value

CMS 138 fb~' (13 TeV)
® Observed - 11s.d. (stat)
mm 1 5.d. (stat @ syst) +1 s.d. (syst)
— 12 5.d. (stat @ syst)
Nature 607(2022) 60
B : Stat Syst
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T 1aags s 932
——— 1204%  som S
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—> 80538 4% 48
1 .1 l | - | i | | l L1 1 1 l | . l 1
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 4.5



We are continuously significantly
iImproving wrt to projections.
Few very recent examples!

O H— 17

® VH, H—-cc and H—bb combination
® Couplings to 2nd generation
® rare processes

® Run 3 measurements
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M 17T

, arXiv 2407.16320
Re-analysis of run 2 data H— 77 has the strongest BR to S
-1
. o o o ATLAS H—-tt Vs=13TeV, 1401b
leptons: Neural Network improves pTH resolution by 50% _Tot. Syst. \Theory  p-value = 6%
Tot. (Stat. Syst.)
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ttH, 200 < p¥ < 300 GeV | [t 22 T (g _*SjS )
- ttH, p* = 300 GeV ] 36 23 (%7 e )
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Most precise VBF measurement VBF at lowest pT 0 ° 10 o™ B

First VBF measurements for pTH>200 GeV (30-50% accuracy) 60
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WH, H— bb

ZH, H— bb

Comb. VH, H— bb

H->cc limit on sighal strength
improved by a factor of 3 wrt first full

—
ATLAS

— Total unc - Stat. unc

L] I 1 L3 1] I 1 L 1 ] L] 1] 13 [ 1] 1] L
VH, H— bb/cE, Ys=13 TeV, 140 fb™

+0.
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Run 2 result !!

2 202
bb
Mon

0 lepton

Exp.= 17 x SM
Obs.= 14 x SM

1 lepton
Exp.= 17 x SM
Obs.=21x SM

2 lepton
Exp.= 18 x SM
Obs.=22x SM

Combination
Exp.= 11x SM
Obs.= 12x SM

VH, H—>cc and H—bb combination

arXiv:2410.1961 |

Run2 re-analysis: better reconstruction, better flavor tagging with
b and c identification, better calibration, machine learning

| | 1 1 1 I 1 1 I
ATLAS
\s=13 TeV, 140 fb™
VH, H — bb/ct

- QObserved
---- Expected

[ ] Expected = 1o
[ 1 Expected + 20

95% CL limiton pn

VH(cc)


https://arxiv.org/abs/2410.19611

o, ttH(bb)

arXiv:2407.10904

-------- H
g 99929009 < t
| I l l l ! I
ATLAS }ef Total Unc. Syst. only Stat. only SM + Theory
Vs =13TeV, 140fb", my=125.09GeV Total ( Stat. Syst.)
4.6 sigma observation in this channel alone. oH € [0,60) GeV |- RS 125 082 r03% +04 -
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s g o o o P?E[GOJZO) GeV - = 0.77 o552 - 0.40 - 0.32 B
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p; €[200, 300) GeV |- —— 077 *%4  +036 +0Z _
p} €[300,450) GeV [ == 0.27 *g¥  +04% +033 N
. . . o . H B _ + 0.89 +0.76 +0.47 B
Various improvements NN-based classifier using pr €[450,00) GeV = F===e==— = 083 g .07 .03 -
transformers with attention mechanism, Inclusive o] 0.81 *020  +011 +017 _
improvements in MC modeling | | | | | | |
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O/ O°
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https://arxiv.org/abs/2407.10904

Higgs couples to mass,

Evidence that the Higgs couples to
mass

Third generation and gauge boson
couplings follow the SM predictions

Next goal is to observe couplings to
second generation (muons, c-quarks)

muons in reach soon ( both _———

experiments have already 3 sigma
evidence)
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2nd generation?

arxXv:2404.05498

ATLAS Run 2
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https://arxiv.org/pdf/2404.05498

Rare decays

JHEP 01 (2021) 148

CMS 137 fb' (13 TeV) Phys. Rev. Lett. 132 (2024) 021803
o LSRR R R AR R RR AR RARRN AR RRRRN RS R ¢ VT T T T T T
T ¢ : £ r ATLAS and CMS )
Tt 7 N 181 -
2 L : - LHC Run 2 H—/ —— ATLAS + CMS
S 1o 16 Y .
810-1:_ = - — CMS
- - - 14'_ — ATLAS _
I ) : 3.40 i
e Nl o 120 12+ -
10‘25— E
J—_—_—_,—
10 —Combined — VBF-cat, -
Observed — ggH-cat. ttH-cat.
i — VH-cat. _
10—4 cov v b bev s b brvv s by bvnv o bov s b
120 121 122 123 124 125 126 127 128 129 130
my (GeV
+(GeV) y
First evidence for the SM Higgs decay to fermions of combination ATLAS+CMS
the 2nd generation ggH, VBF, VH and TT evidence at 3.4 0
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https://link.springer.com/article/10.1007/JHEP05(2023)233
https://link.aps.org/doi/10.1103/PhysRevLett.132.021803
https://link.springer.com/article/10.1007/JHEP01(2021)148
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CMS Preliminary 5.1 fo='(7 TeV), 19.7 fb~'(8 TeV), 137 fb=1(13 TeV), 34.7 fb~1(13.6 TeV

Fiducial cross-sections (rescaled to inclusive)
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Run 3 measurements!

Eur. Phys. J. C 84, 78 (2024)

C 1 l L I LA I L R
_ ATLAS — SM 6 (pp—H, m,, = 125.09 GeV) _
- Y Hoyy b HoZZ*s4l QCD scale uncertainty .
= 4 CombinedH—yy + H—4; ™ Total uncertainty (scale® PDF+0,) | =
— — =
- A9 A+ -
‘ \s=7TeV, 4.5fb' g
__— \s =8 TeV, 20.3fb' E
- Vs =13 TeV, 139 fb’ E
- s = 13.6 TeV, 29.0-31.4 f5' .
=, | " | RN W (T S YN WY A (T TN VAN TN WA NN YN SUN SN NN SN N R
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https://cds.cern.ch/record/2904969
https://cds.cern.ch/record/2904882?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-023-12130-5

Putting it all together



Higgs Combination

Nature 607, 52-59 (2022)

< 8 LI I | I LI L I | I L 4 5 @& I | L I LI |
E : ATLAS ssssssm—— [ 0tal :
. 7__ E 13 TeV. 36.1 - 139 fb_1 Remove Background Theory ™
| n y ' Remove Signal Theory N
6 :_ m, = 125.09 GeV, U’Hl <25 _....... Statistical _:
: pSM=39°/o :
5F E
af * 1 120
3 E
oF E
1 1%
Measurement 3t 6%! | QCLrlooo |, L@ 10000l 1T
0.9 095 1 1.05 1.1 1.15 1.2

1l

4 =1.05+0.06 = 1.05 + 0.03 (stat.) +0.03 (exp.) + 0.04 (sig. th.) + 0.02 (bkg. th.).
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https://www.nature.com/articles/s41586-022-04893-w

Simplified Template X-Sections full Run 2
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https://arxiv.org/abs/2207.00208

ATLAS

STXS

JHEP 11 (2024) 097
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https://link.springer.com/article/10.1007/JHEP11(2024)097

Effective Field Theories

How to be sensitive to New Physics beyond the Standard Model in a Model Independent way?

Effective Field Theory parametrizes Beyond Standard Model (BSM) effects at high energies (A
> v, above electroweak scale) at low energies, E « A, in terms of higher-dimensional operators

in an effective Lagrangian:

de26 i 6) , N bi )
l
LSMEFT=L5M+ . p ; + . FOJ +...,
i J

dimensionless Wilson coefficients of higher dimension operators
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https://atlas-glance.cern.ch/atlas/analysis/confnotes/details?id=13690

EFT inter

pretations:

uttp%%o%w wau h

ATLAS : - T E/D
/s =13TeV, 139 fo~!, my = 125.09 GeV SMEFT A = 1 TeV accepted by J
1 % s — " \
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b= © 04 H — bb
% 0.2 ‘ : —>TT
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Higgs+tEW+top+EWPO EFTs

o

The Higgs sector could contain a partial
violation of the Charge and Parity that could

CMS Hybrid fit 36.3-138 fb™ (13 TeV)

B Expected 95% CL |  Observed 68% CL | Observed 95% CL ® Bestfit _

: : This is just NOT just Higgs!

! : We use EW+top+Higgs +EWPrecision

R l f . Observables from LEP

: 1F +1 +14*il ¢$++.***1| ..__..; e also adding in the game the Charge and
ﬁ 1 ' ! ! PERTT 8 ¢ T ! : Parity of the Higgs.

Fractional contribution f

100 x EV1

lmu-y  explain the matter antimatter asymmetry.
10wy
10 Z—>vy
1 wWw
10t
1B tbHX
1 B Incl. jet
| E— A
| | Ll 1§ EWPO
N T 2233883885828 2883885838%3¢
LIJUJLLIUJUJLLILLIUJ>LU>>>>>>>>>>>>>>>>>>>>>> > S S S S S 2>
X X X X X X x x W LW ow Wy wwwww w W ow W oW www wwmy
ooooooooxé jxxxxxxxxxﬁxx xxxxxx1>_<><
OO -~ - - - o . T, Y, e, e, e, e e, T e e, e, e, e e o T e
- - T Ooooooooooooooooooooog
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https://atlas-glance.cern.ch/atlas/analysis/confnotes/details?id=13690

EFT: Top down approach

What about guiding the measurements such that they can be more sensitive to Wilson Coefficients that would present larger variations within specific
models?

» Comes at the cost of losing generality, but can lead help us not to miss important features in the data.

* Requires matching models with EFTs. arXiv:2112.10787v1

The leading IR/UV dictionary (tree-level, dimension 6 SMEFT) is already there since few years ago.

Example: The 2HDM Lagrangian can be written as a SMEFT expansion!

10!

arXiv:2402.05742v HIG-20-011
ATLAS arXiV:2402.05742V2 15 CMS Pre[lmlnary
VS =13 TeV, 36.1 - 139 fb~! E= EFT Obs. 95% CL % T — OHDM-I " 2HDM-Y
= —-== EFT Exp. 95% CL I e 2HDM-II — 95% CL |
mp =125.09 GeV _ : . © ]
SHDM Typel === SM-like coupling concrete examples on SMEFT expansion used to 1op  —— 2HDM-X ‘ y

tanf

constrain a UV-complete model

10°

Observed [Excluded] -

0.2
cos(B-a) =0.2
TR B R N [NV N T T T T W U U T S A T S [N T T W N T S T
100 200 300 400 500 600 700 800 900 1000
m, (GeV)

. L mH: heavy Higgs mass
10_0.3 ' ‘ . . ' : EXPERIMENT tan(B)= Ul/UZ 73
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h =& ZZ Most precise single experiment measurement

Higgs mass

muy= 125.04 * 0.12

Higgs mass precision is now at the 0.1% level for both
experiments, was 0.2% after Run |.

[ | I [ I | | | | | [ |

ATLAS e Total Stat. Syst. | Combination
Run1i: /s=7-8TeV,25fb~!, Run 2: /s =13 TeV, 140 fb~!
Total Stat.  Syst.

Run1 H — vy : ® | 126.02 + 0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4/ : : 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 4 — vy e 125.17 + 0.14 (+ 0.11 + 0.09) GeV
Run2 H — 4/ e 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 1+2 H — ~~ 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run 1+2 H — 4/ 124.94 + 0.18 (= 0.17 + 0.03) GeV
Run 1 Combined | | —e i 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined e 125.10 + 0.11 (+ 0.09 + 0.07) GeV
Run 1+2 Combined e 125.11 £ 0.11 (= 0.09 + 0.06)
T R | N R B S

123 124 125 126 127 128

my [GGV]

PLB 847 (2023) 138315

PRL 131 (2023) 251802

arxXiv:2409.13663

CMS
: -1
Run 1: 5.1 fo' (7 TeV) + 19.7 fb™' (8 TeV)
Total (Stat. Only)
4u —1 124.90 )7 () GeV
4e —_—— 124.70 f00.'5513 T: :79 ) GeV
2e21 —— 125.50 5 (%)) GeV
2112¢ ._l._. 125.20 07 (1)) GeV
Run 2 o 125.04 707 (1)) GeV
Run 1 ——  125.60%,; (\,,) GeV
Run 1 + Run 2 e 125.08 )7 (:;) '1100) GeV
| | | | | | I | | | | | | | | | | |
122 124 126 128 130
m, (GeV)

ATLAS most precise my measurement at 0.09%

mu= 125.11 £ 0.11 GeV

Profits of various performance improvements:

220 MeV — 80 MeV

~4x improvements in photon energy calibration!

S - =Reduces H — yy systematics by factor 3:



https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
http://arxiv.org/abs/2409.13663

Higgs width measurement H* & ZZ — 4/

Measurement of the Higgs boson width is indirect and as such it is 3 orders of magnitude
smaller than the detector mass resolution! ( LHC was not supposed to measure it!)

2 2 )
pp—H—ZZ _ 8Hgg 8HZZ SE—— N offshell T
offshell M., —m H |
7z — My O
onshell
It is measured from the region where mzz> my ( offhsell) vs
Mzz~MHu ( onshell) T o
T 3 | OFF-SHELL REGION (> 140 GeV)
s e @ ZL Wolf
= I
g 9g gy Z % 6 = RSHELL PEAK

< .'

PR 5 Il /WW PEAK

% W 4= | L
H = }/\ tt PEAK
g Z = ) 24
5 2- ,
F J Y T
§ 125 : 2xmW 2xmt
2 0= — i ' i ) i
& 100 150 200 250 300 350 400
INVARIANT MASS OF THE FINAL STATE [GeV]




Higgs with measurement H* » ZZ — 40

O ffshell New Idea: Neural networks used before in off shell analysis, but not ideal

Oonshell N\

Now using Neural simulation-based inference.

ATLAS Innovative method using neural
simulation based-inference (NSBI)
significance improved from 0.5 to 1.30.

NSBI handles high-dimensional parameter
estimation without the need to bin data
into low-dimensional summary histograms.

x 'y due to Signal (S) and Background (E

) interference ().

Statistical inference is the process of using data from a
sample to make conclusions (inferences) about a larger

population or about the underlying process that
generated the data.



Higs H 2 : d h Log Likelihood tells you how compatible
\/ IggS WI t are the data with a certain hypothesis

. . ATLAS oMS 00
In final state with Z-> 41/ 212v +2.7 ro=30  MeV
rh=43 . _MeV H=3.0
-1.9 '

. AP SN —— 0 o CMS Supplementary 138 fo-! (13 TeV)
..3 = n | (L T Lt Ao IO iatl iat LN Lo RO OB R SOl JPOL TN L AN I LA I
20.0~ ATLAS _ = 5 '
- Vs =13TeV, 140 fb™ Obs NSB - 475l — H— 4l on&off-shell ]
E — = Obs NSBI stat-only - | — H - 4l on&off-shell, Ko unconstrained L
15.0 --—- Exp NSBI stat-only 2 e 3 g
/- - —— Observed I
7 43 = | -~ Expected ’,’f
10.0 i G 100 /-
* P AN | 2
7.5 g ,/, k

5.0 //
: 3 ;
5.0 ’ ¥
- | eswe. _/,_' ek
2.5» — B -
0.0. ___O__ ———’A—” ”:_______:
0.0k - :—T’ffrl’?—lk“lk“lu.ﬂ
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Mu(MeV)
ATLAS Innovation NSBI CMS Innovation include new physics in loops






2 Higgses




"' Higgs Potential and self-coupling

V(o) =

the Higgs potential determines di-Higgs occurrence rate in LHC collisions

6

so|olued a|ge1o0919p
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detectable particles
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Higgs Potential and self-coupling

we see a million events that look like it

V(o)




Di-Higgs production has not been yet
observed because it is very rare.



How difficultis it?

All recorded LHC events



How difficultis it?

All recorded LHC events

|000x magnification

/
[

2-Higgs events




How difficultis it?

All recorded LHC events

|000x magnification

2-Higgs events
Observable 2-Higgs

10



No evidence of di-Higgs production yet

All recorded LHC events

|000x magnification

Observing 2 Higgs in Nature
Yes: Crucial proof "Higgs mechanism’
No: Our understanding of Nature is wrong

2-Higgs events
Observable 2-Higgs




Impact of di-higgs observation

Tremendous impact on cosmology and
theoretical physics

T 400 (GeV

\Iegg‘ early Universe H |gg S
- potential
T Ehase:. Our
ransitiol
vacuum
e\ T=o !
today :
Q_/[\\// Metastable

0 Vv

current knowledge

disappearance of anti-matter stability of universe
in early universe

12



Understanding the beginning of Universe

A violent EW symmetry breaking
First Order Phase Transition

TS 400 Ge\/
\'eg& early Universe A ) \ / (FOPT)
Tn phase ™ - \
transition V=ib A

T <— — .
=0 -
toda e - .
¥ n/ N\ « boiling universe
Vi

Why the Universe is made of matter?

The Higgs potential shape is crucial
current knowledge

Ph

ONLY a Strong FOPT can explain a boiling universe

12




Understanding the beginning of Universe

Standard Model prediction_
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Increasing time
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SM + new physics allows
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pole

178

174}
172}
170

168

Understanding the fate of the Universe?

176F

Meta-stability

>
,,, P

Absolute stability

122

124 126 128

pole

Higgs
potential

The SM parameters are linked together
and from calculations using as input the
Higgs mass, top quark mass and the strong
coupling constant: |

= Our Universe appears to be metastable!

People often ask me what would happen then!?

14



Understanding the fate of the Universe!?

Luckily is the universe will endure a phase transition, this will be in a very distant
future much longer than the present life of the universe.

| will be so old by then, that | would prefer this than having to move into a new flat!

178

176 Meta-stability
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pole
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168
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ATLAS

EXPERIMENT

Run: 362619
Event: 524614423
2018-10-03 08:06:34 CEST




di-Higgs production at LHC

dominant production mode ggF
with 2 diagrams that have destructive interference

g 0999999909909 ~ H g 2990990099099 , > ®---------= H
Fo KX
A 02 D@--===- @ A Yy
H
Fui
9 H g < ®-———--——-——- H

400 500 600 700 800
muH [GeV]

Triangl diagram contributes mostly
at low muyn

Associated productions, HHV HHtt have .
much smaller production cross-sections — Analyses that contribute to that

,  Fregion are most sensitive to Kx=A/Asm



Different final

states investigated

a) bb ww o y 74 Yy

bb l 34%
TT 7.3% 2R  0.39%
ZZ 3.1% 1.1% 083% 0.069%

YY 0.26% 0N0% 0.028% Q12% O
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HH — bbbb

ATLAS

resolved EXPERIMENT

Run: 362619

Events

Data / Bkg.

> :l T T 1 I 1T T | T T I 1T T | T T 1 I 1 I.l | T 1T 1 |: = S ; Event : 524614423
8 c00 :_ ATLAS Post—FﬂBackground_: 2018-10-03 08:06:34 CEST
10 ~ Vs=13TeV, 126 fb! N\ Stat. + Syst. Error 1]
Ny — ggF Signal Region _
& 400 = ANy <0.5, X <0.95 +  4bData —
- - 400 x SM HH .
) = .
TR = 200Xk =6HH -
200 T —= —
- e .
100 — L —
.= o N
0 :||_|| N B R ﬁ_l.l_l_l e |y g i;
o 15 _| T | L | T | L | | | T | Y |_
 r .
% 1.0 + — 4 __}“ \ 3 NN N\
CDU 05 : | I I | L 1 1 1 | | l_l+_|_l+l_l | | | 1 |I | | 1 1 1 I | I S | :
— 300 400 500 600 700 800 900 1000
My [GeV]
L R R RS AN RAARE AL LAARE LA RARRR LR
- ATLAS ¢ Data g
141~ (s =13 TeV, 140 fo" — 500 x SMggF
- VBF HH bbbb — 1000 x SM VBF -
12— SR — K,y =0VBF  —
. Post-Fi Background i . .y . .
Lo P neonainty Highest BR, sensitive to high pT of the Higgs
B i /7
sl A a
oL e boosted The sensitivity of the analyses is improved relative to previous
i ) iterations by using more sophisticated background modeling
: techniques, event categorization and improved jet reconstruction
’ and flavor identification algorithms, in addition to the increased
WS NN SN N . . .
ol | integrated luminosity of the analyzed data.
1 ",:iii
0.5F E
) 0.8 09 1 19

BDT Score



both in ThadThad @and TiepThad Channel

and in ggf+VBF production HH - bbTT

arXiv:2209.10910
Run: 339535
__g 10° 1 | | ggFI HH x|200 = Event: 996385095
— — - 2017-10-31 00:02:20 CEST
~ - ATLAS — VBFHHx200 3
|5 105_ {s=13 TeV, 140 5" ¢ mt? ) n
= oy =2.2 =
Lﬁ = Thadhad 2 b-tags Top-:uark -]
- ggF SR, m_ =350 GeV Jet >, fakes - "
1 04 =— Z+ (bb,bC,CC) = ~
- B Jet — 1, fakes (tt) =
:.- & L] Other ]
3L f..aes Single Higgs |
10 = $onae 7”71 Uncertainty =
=== Pre-fit background E
10? =
i 0 g R =
1
g 1,55— | | | | ‘ | | | 1 | ——
o 1E o e e S ST P s
% e . v ! 1777
S 0.5 | | 1 | | | | | |
1 2 3 4 5 6 7 8 9 10
BDT score bin
sensitivity gains due to significant improvements in the thad-vis and b-jet
HH reconstruction and identification.
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https://arxiv.org/abs/2209.10910

HH

Events / 2.5 GeV

HH — bbyy

SRR IS L

~ ATLAS _

. {s=13TeV, 140 fb ¢ Data -

_ HH — pbyy T Cont. background __

T — Total background -

- High Mass 3 ot il

- __ Run: 329964

? ¢ - b7 Gid 25:6d a5 Cas
° ® —
| . _

T T I R T T — .
130 140 150 160
m,., [GeV]

L R
110 120

incorporates a categorization based on mbb yy and
multivariate event selections
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di-Higgs in CMS

CMS-PAS-HIG-20-011

CMS Preliminary 138 fb' (13 TeV)
' ' ' o bbb
K, = K = Ky = Ky = 1 Inputs: bbbb resolved and boosted, bbtt, bbyy
-e— Observed = 68% expected
------ Median expected ------ 95% expected . .
WWyy - New wrt to Nature combination!
Obs. (Exp.): 95 (54) il
06ZZ. 4i — N o
Obs. (Exp.): 33 (41) o WWYY
YT B YY1t
Obs. (Exp.): 31 (26) o o .
| B _. bbWW the only existing analysis in this channel
Multilepton
Obs. (Exp.): 22 (20)
DWW B Most complete HH combination @ CMS
Obs. (Exp.): 16 (18) . o o o
. i x-section sensitivity at 3.5 xSM ( 2.5 exp)
Y

Obs. (Exp.): 8.4 (5.6)

bbbttt
Obs. (Exp.): 3.4 (5.3)

bBob
f Observed : k) € [-1.39, + 7.02]
Expected ki €[-1.02, + 7.19]

| Combined

Obs. (Exp.): 3.5 (2.5)

L AR ! R S R B B B
1 10 100
95% CL limiton o(pp > HH) / ©

Theory 22


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/

di-Higgs ATLAS

Observed : k) € [-1.2, + 7.2]

—e— Observed limit (95% CL) bbyy
ATLAS Expocted limit (95% CL) |  bbrr Expected k) €[-1.6, + 7.2]
Vs =13 TeV, 126—140 fb- (MHH = 0 hypothesis) bbbb (resolved jets) —
9o 1 Expected limit +20

bbll (+MET) g Phys. Rev. Lett. 133 (2024) 101801
Obs. Exp- Multilepton < : | | I | | | | I | | | I—I | I | | _l IbEI | :
_____________________________________________________________________________________________________________________________ c [ ATLA Combined oYYy -
_ , : a7 S ; Multilepton = bbbb _]
bbll + E{_nlss - ¢ 10 14 | - vs =13 TeV, 126—140 b~ — BB+ E{_niss bbttT
- HH combination ]
_ 6 All other K fixed to SM —— Obs.: 95% CL [-1.2,7.2]
Multilepton 17 1 - ——- Exp. (SM): 95% CL[-1.6,7.2]
51 -
bbbb— ¢ 5.3 8.1 - :
T L U L ! j95%Cl
bbttT™ |- * 5.9 3.3 i i
N 2 —
Combinedf— 29 24 P\ 7
| | AN A A BN AN i I AN AN B A A N 1 I A A Y /2 e At o
0 5 10 16 20 25 30 28 40 I ]
95% CL upper limit on HH sigiél strength iy oL -

best sensitivity to date 23 bbyy channel most sensitive, and bbTT at negative K


https://arxiv.org/abs/2406.09971

-
%

ATLAS+CMS

Run2

W*Wyy
Obs. (Exp.): 95 (54)

bbzZZ, 4l
Obs. (Exp.): 33 (41)

YYTT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*'W

Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbtt

Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

Similar sensitivity from ATLAS and CMS but different hierarchy across channels

Results are limited by stat. uncertainties

CMS Preliminary 138 fb' (13 TeV)

|
K, =K = Ky = Kpy =1
- Observed s 68% expected
------ Median expected :====: 95% expected

1 10 100

95% CL limit on o(pp — HH) / O ccty

Run3 getting in the game

ATLAS
Vs =13 TeV, 126—140 fb!
Ot . ver(HH) =32.8 fb

—e— QObserved limit (95% CL)

Expected limit (95% CL)
(UuH =0 hypothesis)

[ Expected limit 10
[ Expected limit +20

Run 2

Run 3

: ombined

Obs. Exp.
bbll + Efiss|— N 5
Multilepton— - .
bbbb— 5.3 8.1
¢ 4.0
bbttt |~ o 3
Combined — ----------------------------------------------------------- 2 924 ......
R o T ey
0 5 10 15 20 55 35 L an

95% CL upper limit on HH signal strength gy

ATLAS - CMS combination (on-going) of Run2 analysis could be <1.7

| We can expect it to reach -1 with new improvements, given 500/fb (Runt+Run2+Run3)]

Opportunity to maximise the analysis
sensitivity (data streams, triggers, object
reconstruction, analysis techniques)

—e— Observed limit
ATLAS —— Expected limit (s = 0)
V5 =13/13.6 TeV, 140/ 168 fb~! Expected limit (ugy = 0) £20
= N Expected [imit (M =0) £10
HH - bbyy —« Expected limit (U = 1)

Expected limit (g = 0)

®  UHEPO1 (2024) 066

0 . Exp. Exp.
0O(20%) improvements obs. o, P e

55

58 3.8 50

3.8 26 3.7

.6I...é...1lo...1I2...1l4’...16
95% CL upper limit on uyy

e e

Roberto Salerno - HiggsHunting 2025



ATLAS+CMS

itivi = 95% CL sensitivity for HH production .
Sensitivity to exclude of Ayyy =0 e ATL);A\S e CpMS HH evidence at the end of Run3
by the the end of Run3 S o combining ATLAS and CMS?
Sensitivity with single experiment?
e e T 'I\| e R L
CMS Prellmlna % s> | ATLAS Preliminary —— No syst. unc. ]
= 1 0% s I S B S 1',38' L '(1'3 Te'v): CMS Projections Preliminary (14 TeV) § 8 VS =14 TeV —— Baseline —8
= :—Observed - Median expected L L B B B L BN B L BN B L B B S ' Theo. unc. halved 1
£ [ N\ Excluded EEm 68% expected - Ky =Kt =Ky = Kpy = 1 S2 scenario = 7h HH combination —— Run2syst.unc. 37
-~ Theory prediction == 95% expected | S8 68% expected S | Expected SM :
] . X SMDISAICHON o o e e e e Median expected = =------ 95% expected D 6F -6
D ok § N £1000 fb” o s
S 3 N £ Expected: 0.9 O e -
-"g' | 3 o 4__ : : wd 4
= ‘ 2000 fb B // :
110° = . § 1  Expected: 0.6 3 P — i
O n \ \ d e N - - : - : -
2 Excluded . Excluded ° o i ° : .
0 \ \ 3000 fb” 2F | =k
K =1 \ ; N Expected: 0.5 - i .
Ky = Koy = 1 N\ N I W Lo d v b b b b b a b | 1E 1
RN N\ 00 02 04 06 08 10 12 14 16 1.8 20 22 24 a
-10 -5 0 5 10 95% CL limiton o(pp — HH) / o S I o R T R T e R (R R R e
K, i 0—5000 1500 2000 2500 3000 °

Integrated Luminosity [fo~"]

Single experiment 1000/fb projection as a gauge of two experiments combinations

25 Roberto Salerno - HiggsHunting 2025



Indirect determination of A3 ( via single Higgs)

The determination of the Higgs self coupling can be made in a direct way, observing the di-Higgs process
(which is the best way of assessing the presence of new physics deviations)

Or indirectly via single Higgs

/, W

New physics can often induce changes in the hZ coupling

Z, W

26



[ [ o [
B -higgs combination
x Se---H arXiv:2407.13554
3 . CMS  1m8m(13Tey
. g % Observed — single-H comb., 5.8 :
S el K =ky=ky =1 HH comb., 1.0} -
- L b - T t C}l 5: ! ! — single-H and HH comb., 3.1‘::'8 ]
: W : : 2(..)‘ -
A .———H ____._____H 4:_ 7]
I ) ’ 3'_ _
< i q - q I
: : : . : 2k -
the single-H boson production includes processes sensitive to the higgs ;
. . I 1o 1
self couplings at the NLO EWV correction level. i ;
. . . . . . . . o] —— S
At the LHC, Single Higgs adds little on di-Higgs combination, but it -4 10 12 14
. . . A
helps because we can constrain the assumptions on ky, kay, and k; in
the fits
gCMS____  138fb (13 TeV)
- 13CIMIS, — — 138 fb:1 (113TeV) - CMS ] et 1138 fb1 (1(;3TeV) \_.lz single-H and HH comb. — Observed, 4.73-;
% [ Observed — single-H comb. I > - Observed  __ Hoomb + SM ] = - Floating xy, Ky, Kt Kg, K, Ky | b
i ] 4_‘ single-H comb. ¢ Best fit value - ﬁ S i 4
1.0f Xv=rev =1 HH comb. . [ %=Xy HH comb. — 68.3% CL (10) Y _
I — single-H and HH comb. | I — single-H and HH comb. gg';;/;g;,‘zgﬂ (5o) ! 2G i
: . 3t T 4r ;
i - ' -
of - 2 A ‘ ‘ ‘-
0'9; +SM — 1- @ : — —
¢ Best fit value I S O 1'_ o ]
0.81 —68.3% CL (10) or ; | [ '
--+95.4% CL (20) S S A T A S SR I 0:.... T
0.7 '—IS' . 'OI' '1|0' — '1|5' : 0.8 0.9 1.0 1.1 1.2 1.3 27 -4 10 12 14
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https://arxiv.org/abs/2407.13554

lmp"catlgns @ L.Wang LHCP2023

N// Vs HIggs self-coupling

1 1
—(H"0H)? —(H'H)? g7, = coupling strength of the
A? A? Z. boson to other particles.
: 5[11 : gZ — g
Modify H-Z coupling = 0, Modify Higgs self-coupling = 5,13 COS 9W ,

However, 0z, « g, while 5,13 is not related to 43 g g is the weak isospin coupling (the SU(2), coupling),

Oy is the weak mixing angle (Weinberg angle).

With some tuning, one can find models in which 0;, > 0,
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3 Higgses




Quartic Higgs couplings HHH—6b

arXiv:2411.02040

Data consistent with SM.
x=-sec(pp—/HHH) <594 fb @ 95% CL

(M < 747)
gﬁ' 400]_ | | | | I | | | | I | | | | | | | | | | | ]
n Exp.68% CL
0 13 Tev, 125 3
u S = 13 TeV, 126 fb ___________ T Obg: 950/: CL 2
200 HHH — 6b Jse, o Unitarity -
First time that the constraints are - e, ¥ oV -
set on the quartic Higgs coupling. 100 =
O —
~100 —
200 i -
_300F- =
_400F- =
500 =
_600]: | |‘"l | | | | | | | | I | | | | | | | | | | | | | :

-20 -10 0 10 20

A
©
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https://arxiv.org/abs/2411.02040
https://arxiv.org/abs/2411.02040

Invisible Higgs



Invisible Higgs width

* SM particles get mass through the Higgs. Dark

matter could behave the same way and be
produced in Higgs decays

» SM Higgs invisible decays are <0.1%

* The analysis: B(H—inv)obs < 10.7% @95%CL
B(H—>InV) exp< (7.70/0) @95%CL

['(H — inv)

BR(H — inv) = T
total

Phys. Lett. B 842 (2023) 137963

90% CL on the spin-independent WIMP-
nucleon scattering cross-section
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ATLAS

\s= 7TeV, 47"
Vs= 8TeV, 20.3fb™
Vs =13 TeV, 139fb™

B,_,, <0.093
All limits at 90% CL

Higgs Portal WIMP:

Majorana

VectorEFT

T T Vector ,y model. o =

s 0
pr=ss “—‘

==
Pl ——

-t

Other experiments:

— + Xenon1T-Mig
-+ =+ -+ DS50-MigNQ
— — DS50-MigQF
- = = - PandaX-4T

S LUX-ZEPLIN

2 O
Oh) 2 )[

The regions above the limit contours are excluded


https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?id=1288
https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihubhttps://arxiv.org/abs/2301.10731

What’s the future for the Higgs!?

?

alternative potential
“EFT dim 8”

V(%) t

-0.4 </\3/SM <6.3

Future?
- 2

A3uieyaasun

SM
potential

b

What we know today

1 $
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S Run2 LHC Schedule

We are here

LHC / HL-LHC Plan Run

HiLuMI

LARGE HADRON COLLIDER

‘ “Run 2 ‘ | | Run4-5...

13 TeV energy
Diodes Consolldation
splice consolldation cryolimit LIU Installation -
8 TeV button collimators Inferaction ; inner friplet ) HL LH(.:
T8 [, =) s i civil P1-P5 lot be radiation limit installation
“u I'e N
2027 | 2028 200 Jll[}
=2
ATLAS - CMS .
experiment upgrade phase 1 ATLAS - CMS . nomin%lt(l)_gfr?i
beam plpes : : ' HL upgrade
nominal Lumi 2 X nominal Lumn_{ ALICE - LHCb : 2 X nominal Lumi :

75% nominal Lumi | '/" upgrade
l/ 3 integrated EAULR{A
m 190 fb m luminosity JEIIR{ R

HL-LHC TECHNICAL EQUIPMENT:

By

& PROTOTYPES CONSTRUCTION INSTALLATION & COMM. \

DESIGN STUDY PHYSICS

-

HL-LHC will have a factor 5-7 more integrated luminosity

DEFINITION EXCAVATION BUILDINGS CORES
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HL-LHC upgrade: The challenges

Unprecedented opportunities come with great challenges
» HL-LHC promises to provide 3000 fb-1
instantaneous luminosity a factor of 5-7 larger than LHC nominal value.

» Up to 200 p-p interactions per bunch crossing !

etector
uperades B —— 35




HL-LHC upgrade: The challenges

Luminosity-> delivered number of interactions
has never had such a steep rise!

I I I I I I I I I I

ATLAS Online Luminosity
e 2011 pp =7TeV
— e
— 2016 pp I§; 13 TeV
— et BRI
= e

2022 SS I§ =13.6 TeV
— 2023 pp F: 13.6 TeV
e 2024 pp 1S = 13.6 TeV

—

—A —A

o0) N S

o o o
III|III|IIIIIIIlIIIlIIIlIIIlI

o))
o

Delivered Luminosity [fb ]
o
o

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

40
=
y / —/
0 | | | »I-';-’?_'_ _ — |
Yo ! 3ol oct

Month in Year

UONEBIQIED 2L
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Recorded Luminosity [pb "/0.1]

Luminosity->comes at the price of

increased number of interactions per bunch crossing

( that are a background). u= number of interactions per
Crossing

1800 T

1600 ~ ATLAS Online e

- 2011412 (uyp = 18/14 -

1400 s=7,8TeV,26.41b" -

- I 2015-18: (w/n . =34/29 .

1200 /s =13 TeV, 147 fb’ -

- B 2022-25: (W =55/62 -

1000 - {s = 13.6 TeV, 244 he _:

800 —

600 —
400 =k
200 -3

00 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing



Simulated Z — uu event

= 50

Pileup u




Simulated Z — uu event
Pileup p = 140
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HL-LHC upgrade

Upgraded Trigger and Data Acquisition system
Level-0 Trigger at 1 MHz, Full-feature global trigger
Improved High-LevelTrigger (150 kHz full-scan tracking )

New Muon Chambers
Inner barrel region with new NéW and upgraded forward
RPC and sMDT detectors /  @hd luminosity detectors

Electronics Upgrades
- LAr Calorimeter

* Tile Calorimeter

* Muon system

. S ITK: All silicon, up toinl =4
High Granularity Timing strongly augmented tracking acceptance,

Detector (HGTD) . .
Forward region 90x present channels — to cope with high occupancy

(2.4 <Inl <4.0) to reduce /
M 39




CMS upgrade

During Long Shutdown 2 (2018-2022),
CMS completed the Phase 1 upgrades

and started the Phase 2 upgrades. Some
highlights :

- Phase 1: HCAL barrel readout, new
barrel inner pixel (layer 1)

- Phase 2: First of GEM chambers
installed, upgraded CSC electronics
for HL-LHC, new beam pipe.

- GPU at HLT and transitioned to a
hybrid CPU + GPU in trigger
software (HLT nodes) : A Graphics
Processing Unit (GPU) is a
programmable architecture, offering
large number of parallel
independent streams of
instructions, originally designed for
Image processing. Accelerate online
processing

BEAM PIPE

Replaced with an entirely new one
compatible with the future tracker
upgrade for HL-LHC, improving the
vacuum and reducing activation.

HADRON

CALORIMETER

New on-detector electronics
installed to reduce noise
and improve energy
measurement in the
calorimeter.

40

PIXEL TRACKER

All-new innermost barrel pixel layer,
in addition to maintenance and repair
work and other upgrades.

SOLENOID MAGNET

New powering system to
prevent full power cycles

j in the event of powering

B problems, saving valuable
‘& time for physics during
collisions and extending
the magnet lifetime.

~  BRIL

New generation of detectors
for monitoring LHC beam
conditions and luminosity.

CATHODE STRIP
CHAMBERS (CSC)

Read-out electronics upgraded
on all the 180 CSC muon
chambers allowing performance
to be maintained in HL-LHC
conditions.

GAS ELECTRON
MULTIPLIER (GEM)

=%, DETECTORS

An entire new station of detectors

¥ installed in the endcap-muon

system to provide precise muon
tracking despite higher particle
rates of HL-LHC.






Future e+e- Colliders in Asia

Linear ete- Circular e+e-

ILC Japan

250 GeV. | ly -> 2 ab-| CEPC, China 100 Km tunnel
’ I mZ, 2y -> 16 ab-1

500 GeV, 8.5y 4 ab-| - 2mW, ly 2.6 ab-1

1000 GeV, 8.5y 8 ab-| | =

240 GeV, 7y 5.6 ab-1
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Future e+e- Colliders in Europe

Linear e+e-=: CLIC

—

TS IR TR T T o AR
Compact Linear Collider (CLIC) ;7 ¢ g "{//oﬁ"}r

B 390 GeV . 11.2 b [CLIC390} / &y ~
| STV 250Rmicucison e Ay
L S 38 WV - 50.1 km CLIC2000¢ /-/ . .

CLIC, CERN =

- 380 GeV, 8y -> 1ab-1
1500 GeV, 7y 2.5 ab-1
3000 GeV, 8.5y 5 ab-1
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Circular e+e-: Fcc=-ee

/..’, "". ,"‘ . . .
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8,

: A
i LHC
, R
A '
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France 3.

FCC-ee, CERN
mz, 4y-> 150 ab-!
2 my, 1-2y 10 ab?

100 Km tunnel 240 GeV, 3y 5 abt
in Geneva 2 Mwop, 5Y 1.5 ab-l



Can we reuse the LHC tunnel?

EEP3fete-"machine’in the
LEHE tunnel

LEP3 (e*e, circular, 91 — 230 GeV)

Contra: Lower centre of mass energy wrt to FCC-ee
due to synchrotron radiation. Limited number of
bunches (tens at most), constrained by RF power and
beam—beam effects in the smaller ring.

Pros: Lower cost,Build new hadronic (p-p) machine
in parallel.

44



Do we need an e+e- machine?

e+e- Could measure directly Higgs width and provide
precision measurements as input to pp program that
would increase the pp measurement precision

45



B 390 GeY - 11.4 km ICUC 390
B 1.5 RV 290 ke (CUCISON

Future e+e- Colliders : Asia Nl

ILC Japan 2mW, ly 2.6 ab-1
250 GeV, | ly -> 2 ab-| v 240 GeV, 7y 5.6 ab-1
500 GeV, 8.5y 4 ab-| :
1000 GeV, 8.5y 8ab-1""_—

-
-.’
--“".
Od.
--‘-
-
.»-"’,‘
—

——
r—"‘d.
-
-’

—-""‘
o

- On-anls Injection ' On-axis Injection

Europe

EER3fete-"machine’in the
EHE tunnel

TFT IR —'-‘7'/"7 A 9"

cMmcmcan P d s FCC-ee, CERN

mz, 4y-> 150 ab-"!

2 My, 1-2y 10 abt
240 GeV, 3y 5 abt!

| 2 Meop, 5Y 1.5 abt

O 38TV 501 b CLICION0

LEP3 (e*e-, circular, 91 — 230 GeV)

CLIC, CERN
380 GeV, 8y -> 1 ab-1
1500 GeV, 7y 2.5 ab-1
3000 GeV, 8.5y 5 ab-1

N
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\

— CEPC, China

- mZ, 2y -> 16 ab-1
ILC Japan /- OfF-nais Ingacticn SERC p-pimachine 2mW, 1y  2.6:ab-1
250 GeV, | ly 2 ab-| - / /5 eV intermediate M 240 GeV, 7y 5.6 ab-1

500 GeV, 8.5y 4 ab-| | | 1258]eVigoal -= =20 ab- |

1000 GeV, 8.5y 8 ab-1~—_—

\

\

station

—
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.—-""‘
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/' v
- o .
.'.’...a-' ) ’,;54 '
N ’
& i - -
= \
- r iy L .
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SO Ay domme - 4 ,'"-.5'/ ]

- - p-p machines in the
Compzet Linear Collider (CLIC) P d

100 TeV > ~20-25 ab-1 & / ' [Rec ez

R 100 km tunnels during 20-25y runtime tzerondl - Bl S
B m— 15w 290 0500 , / T 2mw, 1-2y 10 ab’
| 38T 501 b KUC0%) | 4t 240 GeV, 3y 5 ab't

o

o Pl . y o~
/ / '// y . p .‘. ‘/-J._ /
. ‘ - ,

12 Meop, 5Y 1,5 abrt
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Do we need an e-p machine?

an electron proton accelerator could also be very useful
as it would provide measuerements of the PDFs of the
proton, that are going to make errors smaller at a proton
proton collider. There is an option called LHe-c, that
could run in parallel to LHC, using its tunnel

47
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~ CEPC, China
- mz, 2y -> 16 ab-1

ILC Japan — SERC p-pimachine 2mW, 1y  2.6:ab-1
250 GeV, I'ly 2 ab-| . / b /S eV intermediate P 40 GeV, 7y 5.6 ab-1,

500 GeV, 8.5y 4 ab-| | ,\ 2581V goal -> =20:ab- "
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Do we need an y+pu- machine?

A muon Collider, is a new adventure. It combines the advantages of a hadron machine and a lepton machine.
The muon mass is 207 times the electron mass->Negligible synchrotron radiation em|SS|on *
It does’t have PDFs (substructure) and loss of energy as the protons.

It can probe precision physics at much lower center of mass energies ?f* .
\\\\
500 | \
| 4 ‘. ] Muon collider "|' Accelerator ring
' g . ¥ ¥ \ “ >10 TeV centre-of-mass energy ‘\l
s 200 _ { u injector }‘ \\\ ~10 km circumference ,{f"ll
lq-, | e \'::"‘:\\ //
50 B . = ' \\‘ = X —
GeV Target, = decay u cooli Low-energy "\,
‘oton and u bunching channe u acceleration s
urce channel o <7 . L '
20 > e [

ﬂ—/

Proton-driven scheme

Challenge: muons have limited lifetime: 2.2 us Technology challenge!
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~CEPC, China

mzZ, 2y -> 16 ab-1

c-bs-,lnﬁuandmnbi

ILC Japan SPP@ p-p mnk)cdmum)@ 2mW, 1y 26 -
250 GeV, Iy 2 ab-| . 75TeV.intermediate 240 GeV, 7y 5.6 ab-1\

500 GeV, 8.5y 4 ab-| | 258eViso:

1000 GeV, 8.5y 8 ab-1~"_

station

~Cohh (P P)

tar - iy~ .." LA R > ~20-25 ab-1| | FCC-ee, CERN N

90 GeV 118 4m ICLICI| 7 o ' Muon Collider 7_5)/ runtime ﬂtze”aﬁd'- mz, 4y-> 150 ab-!
| D 1.5 TV - 290 ke (CLIC Y5004 f 74 . ’ 3 TeV I ab_l s\ 2 mW, 1_2y 10 ab:
|0 TeV 10 ab-| e ;' 2 1240 GeV, 3y 5 ab

O 3ATRY 501 b KIS0
) 2 Mop, Y 1.5 ab!

100 km circumlerence







comparing future collider capabilities
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Future experiments

SuperEKE T “
m

FCC-eh with ERL

FCC-hh at 70-80 TeV with 12-14T magnets

LEP3 with Lumi=1/5 Lumi FCC-ee

2025 Near future 2050 Future 2075

2 @F.Maltoni



Single Higgs Future




< 10% uncertainty

y

Higgs Couplings HL-LHC

run 2 HL-LHC
CMS 138 fo™' (13 TeV)
o Observed +1 8D (stat) s =14 TeV, S2, 3 ab' per experiment
serve = sta
== +1 SD (stat @ syst) -i1 SD (syst) ;togﬁlstical ATLAS+CMS
| — +2.5Ds (stat ® sys) e Experimental Projections ESPPU 2026
-‘— 1.0210.08 10.05 :Z.os - Theory Uncertainty [%]
i 5 | from ~10% to 2-3% Tot Siat Exp T
' E ! 8 07 09 1.3
‘P‘ 1.04+0.07 +0.05 +0.05 pr,e cision Ky a 1.8
B i Kyw E— i 1.6 0.7 06 1.3
—-— 1.10008 006 0.05
— i K= 1.6 0.7 05 1.3
Z 0.92:008 1005 0. g |
u _._ o Kg = | 2.4 08 07 22
: 1.0Ty5 007 w008 LS — " 3.4 08 09 3.2
—e—— 0.99°0%¢ 012 g Ky '_';_ 3.6 12 12 32
-'.'— 0.92:0.08 +0.06 +0.06 Kr — 1.9 08 07 15
i | K. 3.0 27 09 1.0
——— 11253 58 oo =l
_ ; KZy _ 6.8 59 16 3.0
} i 1.65+0'34 +0.31 +0.14 T T T T T T T
P T osT om0 0 002 004 006 008 01 012
O 05 1 15 2 25 3 35 4 Expected uncertainty

P I :
arameter value dominated by theory errors!
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Hi . | . —_——
" Inclusive Higgs x-section theoretical improvements

A

pp—>H+X 13 TeV, PDF4LHC1 5, MF=“R=mH/2

60 -
: ATLAS® f
: NNLL+NNLO QCD+NLO EW N3LO QCD+NLO EW f
3 Anastasiou et al ;
i 2016- -
..? : M. Grazzini, D. de Florian -
o 2003-2016
[ S—]
A
o .
+ 4 q
Dawson, Spira et al . )
L et Theory and experimentishould go hand to hand
> .
N’ 4
O o LO B
i Georgi et al i
ur 1978 0
- from M. Grazzini
F




New Higgs Couplings Projection

............ Is =14 TeV, 3 abper experiment ______ Vs=14TeV,3ab' per experiment
[ ';)t?I . ATLAS+CMS Internal Ky R ATLAS+CMS Internal
— taisticd Projections ESPPU 2025 — . Projections ESPPU 2025 o
— permenta 0 s B ATLAS Combination,
o ] * Tou Stat Bxp T ic., I ++ 8 ESPPU 2020 using most recent Run-2 analyses for
Ky = 16 07 06 13 Kg—'2-8°/° H—>YY, ZY yMM VH—bb ,zt
Ky = 16 07 05 13 . — + ESU 2020 projections for
KgE= | 24 08 07 22 ‘T H—ZZ, WW ,ttH—bb ,ttH—multileptons
K= 3.4 08 09 3.2 Kb_-z'e/
Kp == 3.6 1.2 1.2 3.2 K, — -4.2%
K= 1.9 0.8 07 15 < I 207 CMS Combination from ESU2020
= 3.0 27 09 10 "L except ky and kzy recent Full Run2 results
KZy — . | | 6? 5.9 16I 3.0 KZY—-MWI
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1
Expected uncertainty Expected uncertainty

kz worse than ESU2020 due to refinement of ZH theory uncertainty



HL-LHC results will stay for years to come
and some will be reference until Fcc-hh

[De Blas et al., 2020]

kappa-0 |HL-LHC | LHeC | HE-LHC| ILC | CLIC CEPC| FCC-ee |FCC-ee/eh/hh
S2 S2’ |250 500 1000|380 15000 3000 240 365
1.7 [075[1.4 098 1.8 0.29 0.24]0.86 0.16 0.11] 1.3 [13 043] 0.14
1.5 | 12 |13 0.9 [0.29 0.23 0.22| 0.5 0.26 0.23| 0.14 [0.20 0.17|  0.12
23 | 36 |19 12|23 097 06625 13 09| 15 [1.7 1.0 0.49
19 | 76 |16 1267 34 19|98 50 22| 37 |47 39 0.29
10. — [5.7 3.8 |99% 86x 85x [120x 15 6.9 | 8.2 |8lx 75% 0.69
—~ 41 |= = |25 13 09|43 18 14| 22 |18 1.3 0.95
3.3 — 28 17| - 69 16| — - 27| = | = - 1.0
36 | 2.1 (32 23|18 058 04819 046 037 12 |13 0.67| 043
4.6 — |25 17|15 94 62 (320« 13 58| 89 |10 89 0.41
1.9 | 33 |15 1.1 [19 070 057 3.0 13 0.88| 1.3 |14 0.73| 044

k,, kz, kz, will be the most precise measurements for a long time


https://arxiv.org/abs/1905.03764

New European Strategy numbers

https://indico.cern.ch/event/1439855/contributions/646 1657/

Coupling HL-LHC FCC-ee
1.3* 0.10
1.7 0.29
A 0.38/0.49
2* 0.49 /0.54 o . -
1.6* 0.46 The Fcc-ee projections include HL_LHC, difficult to
_ 0.70 / 0.87 understand...UNFAIR comparison
1.6* 1.1
10* 4.3
32" 3.1
4.4* 3.3 In addition results of 4 experiments are combined
- b while only 2 are officially envisaged for the moment.
- 0.78
1.9 x 10-@5 x 104
4%x10°%* ¥ 68x1073



https://indico.cern.ch/event/1439855/contributions/6461657/

New European Strategy numbers
Kappa framework results

. HL+LHeC HL+LCF s, HL+CLICsg0 HL+FCC-€€ /vwiz40 . HL+MUC 1oy

. HL+LCF 2501500 . HL+CLIC30/1500 . HL+FCC—€€ /12401365

. PPG EW WG < June 2025
‘[:Eafltl . HL+LCF 25050011000

PRELIMINARY

e - - - —— - — e — - -

at LHeC
| _and lepton colliders_ _]
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https://indico.cern.ch/event/1439855/contributions/6461657/

Higgs Couplings at Fcc-hh at lower
energies

Mangano Eurpean Strategy kickoff meeting

Coupling precision Lt TeV_CDR 80 TeV 120 TeV
baseline

Sy /Gwy(%) | 04 | o4 | 04

O /Grus(%) | 065 | o7 | 06
OGrzy (Qray(%) | 09 | 10 | 08

~ A lower energy Fcc-hh can deliver results that are very close to baseline option

|10


https://indico.cern.ch/event/1439072/contributions/6106996/attachments/2920417/5125909/MLM-talk.pdf

rare Higgs Couplings HL-LHC projections

ATLAS+CMS
H — Z~v H — pup
L S] $2 S1 $2
opul%]  op[%) | op[] w7
ATLAS 31 21 16 13
2ab~ ! | CMS 24 23 9.8 8.4
ATLAS+CMS | 20 15 7.5 5.9
ATLAS 29 17 15 11
3ab ! | CMS 20 19 8.5 7.0
ATLAS+CMS 17 14 7.5 5.9

High pT bins statistically limited, new physics is likely to appear at high pT, large gains still with HL-LHC!

ATLAS+CMS H—y vy pt > 650 GeV ATLASx2 VH— bb pr> 600 GeV
bb bb
50;;: pr >650 GeV %] 6UWH pr. >600 GeV (7] ‘5‘72}1 pZ >600GeV [%0]

L Si S2 Si S2
2ab~ ' | ATLAS+CMS | 1.2 x 102 97 - -

3ab ! | ATLAS+CMS | 1.0 x 10° 79 19 22

11



Higgs Mass Future

HL-LHC: 21 MeV
FCC-ee: 3 MeV

Linear colliger: 12 MeV
| EP3: 15 MeV

HIQQS mass estimates




Higgs Width @ e+e- Colliders

Precision of Fcc-ee 4%

Precision of ILC(250)~11%
Precision of ILC(500) 5%
LEP3 (H->ZZ) 21%

LEP3 (VWY fusion) 2%

Measuring the inclusive production cross-section of
the ZH process without presuming specific Higgs

boson decay modes allows the determination of the
absolute coupling between the Higgs and Z bosons.

Combining this measurement with data on the ZH,
H <+ ZZ: process, along with the H 2 ZZ: branching

ratio, allows for the calculation of the total Higgs
boson width without any additional theoretical
assumptions:

2
. (Cpre-— 7z X BRy_, 77:)
. R s e R

O¢t+e-—7H

Cannot be done at pp because of invisible decays ( e.g. Z to
neutrinos)

13



Higgs to invisible future

Fcc-ee gets to 0.05%-0.12% limit

Collider

LHC (current)

HL-LHC

LEP3 / TLEP

FCC-ee [ CEPC

ILC (250 GeV)

Fcc-hh Higgs to invisible limit of 0.02%

Projected sensitivity
(95% CL)

~13%-19%

2%

~1% (exclude >2%)

< 0.1% (per mille level)

~0.3%

D ~l o
- (- (-
- - -
- - -
o o (-

Events / 0.50 GeV

50000

40000

30000

20000

10000

10.17181/7hbn8-3d233

FCC-ee

Simulation (Delphes)

— {s=240GeV,L=108ab’
 Z—qq, H—=Inv

0 =L =t
i : —e— Total <
FCC-hh Simulation (Delphes) g CC)_
[ Stat.

Vs =84 TeV, 30 ab™! o 3

. * ‘— " CD

Ratio H - uu over H-»ZZ" - puuu RHEENT 0N

O

-

Total Stat. Syst. | no

pHH 5 500 GeV - 1.000+0.036  (0.035, 0.009) |3

450 < pf* <500 Gev{ ¢ . 1.000+0.052  (0.051, 0.010) |~y
400 < pliu < 450 GeV - 1.000+0.043  (0.042, 0.011)
350 < pk* < 400 GeV - 1.000+0.035  (0.033, 0.011)
300 = pH < 350 GeV 1.000+0.029  (0.026, 0.012)
250 < p < 300 GeV - 1.000+0.024  (0.020, 0.013)
200 = pk* < 250 GeV - 1.000+0.021  (0.016, 0.014)
150 = pk < 200 GeV - 1.000+0.021  (0.013, 0.016)
100 = pk < 150 GeV - 1.000+0.021  (0.010, 0.018)
50 = pk < 100 GeV - 1.000 +£0.023  (0.009, 0.021)
All p# bins - 1.000+0.013  (0.005, 0.012)

0.95 1.00 1.05 1.10 1.15 1.20

14

BR(H - pu) / BR(H = pupup)

Uses H—=pppu from FCCee

tO estimate cross section

4y

mm Ww

I vvZ

Bl ZZ

1 ZH(DKQ)

I ZH(sig) x 100

llll|llll|llll|llll|llllllllllllllllllll-l-

100 120 140
M ... [GeV]
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Example of improvements vs time:

2015 HL LHC @3000 fb-!
0.6 sigma

ATL-PHYS-PUB-2015-046

2021 HL_LLHC @3000 fb-!
2.8 sigma

ATL-PHYS-PUB-202 1-044

2024 HL_LHC @3000 fb-!
3.5 sigma

ATL-PHYS-PUB-2024-016

ATLAS HH —bb1T

Table 9: Expected significance for several channel combinations, for a luminosity of 3 ab™', including the expected
uncertainties quoted in the text, using the asymptotic approximation. This table only takes into account the TjepThag
and Thad Thaq channels.

Channel | Significance | Combined in channel | Total combined
e + jets 0.31 |

J1+jets 0.30 03 0.60

Thad Thad 0.41 0.41

assuming SM kinematics for the signal, the 95% CL upper limit on the /711 signal strength is projected to
be at 0.71 times the SM prediction with respect to the background-only hypothesis assuming an integrated
luminosity of 3000 fb~! and /s = 14 TeV. The signal significance is extrapolated to 2.8¢-, and assuming a
true value of x; = 1, the self-coupling modifier is constrained to the 100 CI [0.3, 1.9 U |5.2,6.7]. If no HH

a variety of integrated luminosities ranging from 1000 to 3000tb™"'. Assuming SM HH
production, a signal significance of 3.5 o (4.6 ) 1s expected in the baseline (statistical only)
extrapolation scenario for an integrated luminosity of 3000 fb~'. This translates into expected

|6

Signifiance uyy [O]

ATL-PHYS-PUB-2024-016

~ oo

®»

ATLAS Preliminary *= Nosy

3 _1 -—g—Baseline 1
Vs =14TeV,3ab —4— Run 2 syst. unc.
HH-bbt T~ -

Run 2 legacy projection

syst. unc.

O DL1r77% WP
1 GN282% WP

i 1 ! o]

T Y 3

C — —— 4—I+ ~———— — ]
' " 77% 82%
65 70 75 80 85 90

b-efficiency at DL1r 77% WP c- and light-rejection [%]


https://cds.cern.ch/record/2798448/files/ATL-PHYS-PUB-2021-044.pdf
https://cds.cern.ch/record/2065974/files/ATL-PHYS-PUB-2015-046.pdf
https://cds.cern.ch/record/2910850/files/ATL-PHYS-PUB-2024-016.pdf
https://cds.cern.ch/record/2910850/files/ATL-PHYS-PUB-2024-016.pdf

Improvements in projections since 2020

12

ATLAS + CMS Projections ESPPU 2026
Vs =14 TeV, 3 ab™! per experiment

101 SM HH production (k) = 1)
wmw bbbb
mmm bbyy
6k mam bbtT

s Combined

HH statistical significance
oo

18



—2 Alog(L)

ATLAS+CMS HH combination

' - ' - ' —~ 20.0 . - . - -
ATLAS +CMS Projections ESPPU 2026 ‘2’, ATLAS + CMS Projections ESPPU 2026
S0l Vs =14 TeV, S3, 3 ab™! per experiment ] O 175 VS =14TeV, 3 ab~! per experiment
All other couplings fixed to SM 2 Boosted VBF HH — bbbb
68% CL k3 €[0.74,1.29] | 15.0F All other couplings fixed to SM
1> — Combination | 12.5¢ —— S2, 68% CL Ky €[0.87, 1.16]
— bbTtT- — 53, 68% CL Koy €[0.90, 1.13]
_ 10.0
- bbyy
107 —— bbbb | _—
Multilepton
bbll
5P - >-0r 95% CL|
EANGENRR. \NH W A 21 ol N i iy S
2.5r
_________ N N — _ _____68%CL| I S f e 68%CL
90.5 0.0 05 10 1.5 2.0 2.5 3.0 3.5 . 0.7 0.8 0.9 1.0 1.1 1.2 1.3
K3 Kav

HH—bbyy both ATLAS and CMS,
HH—Dbbtt, —bbll, —multileptons ATLASx2
HH—Dbbbb resolved and boosted CMSx2

17




19

2ab~ " (S2) 3ab” " (S2) 3ab ' (83)
ATLAS CMS ATLAS CMS ATLAS CMS
H H statistical significance
bbr T 3.01 1.9 3.57 2.4 3.81 2.7
bby~y 2.11 2.0 241 247 2.6 2.6'
bbbb resolved 0.9 1.01 1.0 1.2f 1.0 1.37
bbbb boosted - 1.87 - 2.2 - 2.27
Multilepton 0.8 - 1.0f - 1.0' -
bbet e 0.41 - 0.5' - 0.5" -
Combination 3.7 3.5 4.3 4.2 4.5 4.5
ATLAS+CMS 6.0 7.2 7.6
ks 68% confidence interval

bbrt ™ 0.3, 1.8]"  [0.1,3.0] | [0.4, 1.7]"  [0.2,22] | [0.5, 1.6]"  [0.3, 2.0]
bbyy 0.3, 20" (0.2, 2.3]" | j0.4, 1.8 (0.3, 2.0" | [0.5, 1.7]7  [0.4, 1.9]
bbbb resolved  [—0.7, 6.3] [-0.6, 7.6]" | [-0.5, 6.1] [-0.3, 7.3]' | [-0.5, 6.1] [—0.3, 7.2]
bbbb boosted - —0.6, 8.5]" - (—0.4, 8.2] - [—0.4, 8.2]"
Multilepton ~ [—0.2, 4.9]' - —0.1, 4.7]" - [—0.1, 4.7]" -
bbet 0 —2.4, 9.3]' - —2.2, 9.2]' - [—2.1, 9.1]" -
Combination  [0.6, 1.5] 0.4, 1.7] 0.6, 1.5] 0.5, 1.6] [0.6, 1.4] __[0.6, 1.5]
f&ﬁ:;fym —32% / +37% —27% | +31% _26% / +29% )

T used in the ATLAS+CMS combination

-

|

|

@3ab-1 ATLAS and CMS will get to less than 30% accuracy on Higgs self couplings,
with conservative assumptions!

Non-resonant HH combination

- e A

| Close to single experiment |
| observation ! |

= E : . __ Lnr_-..-

= 765 - 4.00 ESU2020




ATLAS+CMS Projections for non SM ks

3 ab~! per experiment (14 TeV)

4 o ATLAS+CMS .

Projections ESPPU 2026 .
7t it

S2 $
6 : ]
i . b ' o o 0 ER— K
4 B ' dmun “> ----- o
3t H
2— B 000000000000 \H
1 ____________________________________________________________________ -

" E

of .
—1 g B ¢ 95%Cl ]
-2/ I 68%Cl -
351 0 1 2 3 4 5 6 17 8

2f — : 200 300 400 500 600 700 800
6 EEEREEE :
ghllllllllllllllllllll mun [GeV]
2t ]

We can exclude at more than 2 sigma the ks=1 around k3-~2.9,
where we have maximal interference among box and triangle diagrams |




ATLAS+CMS Projections for k3

https://arxiv.org/pdf/2503.19983v2

3 ab~! per experiment (14 TeV)

™M
X ATLAS+C M S .% s — Higgs self-coupling projections : !-
I : : - o L SR "
PrO]ECtIOnS ESPPU 2026 m < || === HL-LHC ESPPU25 projections fom |
- n \g - | —e— LC 550 GeV, 8 ab”, from ZHH & vHH (LO) o ;
S2 GEJ 6 | —=— LC1TeV,4ab"' LR, wHH (2014 single coupl. ana.)| i_!- .........
~ — | === | C 550 GeV ZHH & vvHH + 1 TeV vwHH combined i— :

b e |.|" _________________ S =

- i- Comparison
O ...................... ’._1 ............ ......................... ......................... ......................... ......... W|th Llneal‘ CO”IdeI’

Ks - Kgrue

We can exclude at more than 2 sigma the k3=1 around ks-~2.5,
where we have maximal interference among box and triangle diagrams |



https://arxiv.org/pdf/2503.19983v2

di-higgs precision European Strategy 2025

https://indico.cern.ch/event/1439855/contributions/646 | 643/attachments/3046021/5381998/NearTermProtonCollider.pdf

Higgs Self-Coupling Sensitivity at Future Colliders
B Direct-HH

N (49-50)
I |
Blue direct T
S 40 (36) (33-35) Red Indirect
- T
(30) (15-30) ]
30 [ —
B (24) Fcc-ee
i (20) —
20_— —
_ (10) (9)
o ) =2 O @ @)
[LC 550 = o O
ol 1 10
Q 8 > 2 8 8 > > > > 2 2 )
= ¢ 0 & ¢ o £ 5 £ = g g £
t 3 ¢ 4 - 3 B E &8 8 §% 85 %
= s & r= = Q &
S 9 8 © o

2

N


https://indico.cern.ch/event/1439855/contributions/6461643/attachments/3046021/5381998/NearTermProtonCollider.pdf

e o e Scenario I: Optimistic —target detector performance, sim-
Fcc-hh % preCISIon on k}‘, ilar to Run 2 LHC conditions.
e Scenario II: Realistic — intermediate detector perfor-
mance.
e Scenario III: Conservative — pessimistic detector per-
formance, assuming extrapolated HL-LHC performance

e assuming s = 100TeV , £int = 30 ab—1@68%CL using present-day algorithms.

Mangano,Ortona,Seraggi,Eur. Ph)’SJ C80 (2020)] Mangano,FCC-hhStudiesfornextEuropStrategyKick.off,9/24

s |l s |l

100 TeV s | s |l s ||l
stat

syst
tot

= decreasing to 80 TeV the centre of mass energy.
= Interesting options also at 60 TeV
= both can be achieved with |12 Tesla existing magnet technology)
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the Higgs Potential

alternative potential alternative potential
“EFT dim 8” “EFT dim 8”
4
V(9) V(%) lllustrative t %
)
5 2
0 =3
-
~0.4<A3/SM<6.3 g , 05 <A /SM <16 35
5 Future! 2 <A -
- —
v
SM SM
potential potential
0 1 F 0 1 ¢

What we know today
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Generic BSM potential & First Order Phase
Transition (FOPT)

Consider a sufficiently general class of (non-SM) EWSB potentials, for which it is known whether they lead to a first-order phase
transition, and determine their predictions for k3, the Higgs self coupling.

Effective Field Theories (EFT):

» EFT dim 6 (k3 and k4 are not independent) VSMEFT (4 _ % (- 1) + kslg L g2 1)?),
* EFT dim 8 ( k3 and k4 independent) SMEFT () _ % 1)+ kglg Lig2_1)° 4 e —1621;3 +5 1)t
Logarithmic Potential VER(4) = é (¢*—1)"+ g(’% -1) (%ff"l —1) — ¢*log¢”| |.

| | 1 2 ~2, e 4 (—(cr(er +2) + 2)¢* + 2(cr +2)¢° — 2)
Exponential Potential Vig) =5 (6" 1) £ o' o + 2

25



V(g)

V(¢) — Vsu(d)

1.2

1.0

0.8

0.6

0.4r

0.2r

0.0t
0.2r

0.1r

0.0

—0.1r

—0.2

Higgs potential and generic model strong

10
HH driven

ATLAS + CMS .,.-j
Projections ESPPU 2026 e
-1 . —
Vs =14 TeV, S3, 3 ab™* per experiment B
Q..,
— SM SMEFT 6 3
e min — 1o Uncertainty —y
SMEFT 6, k3" =1.66 ks€1074-129]
----- SMEFT 8, k" =1.69, kI =5.4 L _driven
—-- Log. Potential, kP =157  mmm loUncertainty _ 3
_ : ks €[0.74—-1.29] .
Exp. Potential, k3" =1.99

SMEFT 6
20 Uncertainty

SMEFT 6
1o Uncertainty

‘."]V

0&

1
HH-driven
20 Uncertainty

HH-driven
10 Uncertainty

|
Q

0.6 0.8 1.0 1.2

FOPT

Around the minimum: all potentials coincide,

the HH driven curve is valid only around the minimum.
It is experimentally driven and agnostic of ks values



V(g)

V(¢) — Vsu(d)

1.2

1.07

0.8

0.6

0.4r

0.2r

0.0

0.2r

0.1r

0.0

—0.1r

—0.2

Higgs potential and generic model strong
FOPT

ATLAS + CMS
Projections ESPPU 2026

Vs =14 TeV, S3, 3 ab~! per experiment

— SM
——- SMEFT 6, k]""=1.66
----- SMEFT 8, kJ" =1.69, kJ"" =5.4
—-- Log. Potential, k" =1.57
Exp. Potential, k" =1.99

10
HH driven

SMEFT 6
1o Uncertainty

k; €[0.74 —1.29]

HH-driven
i lo Uncertainty

ks €[0.74 —1.29]

SMEFT 6
20 Uncertainty

SMEFT 6
1o Uncertainty

HH-driven
20 Uncertainty

HH-driven
10 Uncertainty

Around the minimum: all potentials coincide,

Zoomed version shows that the red curve
that is data driven excludes fully all FOPT!

1e—6 1 1 1 1 1 1 1
3 ATLAS +CMS E
Projections ESPPU 2026 v
2F Vs =14 TeV, S3, 3 ab~! per experiment ;i

SMEFT 6, k"= 1.66 SMEFT 6

—2r . . 20 Uncertainty
== SMEFT 8, kI""=1.69, k""=5.4
. > 8 k3 -69 a7 =3 SMEFT 6
o -« |L0g. Potential, k""" = 1.57 1o Uncertainty

—3t Exp. Potential, k"™ =1.99

HH-driven
20 Uncertainty
HH-driven

1o Uncertainty

0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020
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V@) = Vsm\@)

VAQ) = Vsu\@)

3 ab-! Strong FOPT

le—6
37 ATLAS +CMS 7
Projections ESPPU 2026
2 Vs =14 TeV, S3, 3 ab~! per experiment

~ == SMEFT 6, kJ"" = 1.66

SMEFT 6
20 Uncertainty

SMEFT 6 .
1o Uncertainty

0.980 0985 0.990 0.995 1.000 1.005 1.010 1.015 1.020

1e_6 1 1 1 1 1 1 1
37 ATLAS + CMS ‘
Projections ESPPU 2026
21 Vs =14 TeV, S3, 3 ab~! per experiment 7
1+
0
—1r Exp. Potential, k§'" =1.99
—2F Exp. Potential Exp. Potential ]
20 Uncertainty 1o Uncertainty
—3t -
0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020

¢

V(¢) — Vsm(9)

V() — Vsm(g)

le—6
37 ATLAS +CMS
Projections ESPPU 2026
2 Vs =14 TeV, S3, 3 ab™! per experiment 7

SMEFT 8, k" =1.69, k" = 5.4

—2F SMEFT 8 SMEFT 8
g 20 Uncertainty 1o Uncertainty
—3}
0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020
1e_6 1 1 | ] 1 1 |
37 ATLAS +CMS
Projections ESPPU 2026
2 Vs =14 TeV, S3, 3 ab™! per experiment
1
0
-1 —-- Log. Potential, k""" =1.57
-2t Log. Potential ~ Log. Potential
20 Uncertainty - 1o Uncertainty
—3t
0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020

¢

For the exclusion within each
individual potential “model”

we have to compare the dashed

lines with the respective error band



A specific model implementation

Scalar Singlet Model and FOPT

2
b
V(®,S) = —u|® + Ay |®* +b,S “2552 - 25 %2125 4

SPECINCAMOUEI:

Consider generic model withraddition' Real'Scalar singlet

Ihersinele@ecan @‘\@ga\/ o)
O y

S RIFIZZ, ttS=> tete
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G (pp — S — HH) [fb]

o (pp = S — ZZ) [fb]

Scalar resonant searches S/HH/ZZ, ttS—4t

S2 scenario (14 TeV)
m ' ' ' ' ] ; ' —
.[ ATLAS+CMS Spin 0, Gluon fusion production - s —) H H
10" E™ projections ESPPU 2026 Narrow Width Approximation =
. e 95% CL upper limit ]
al RRETSS Expected ]
10° 95%
: 68% -
10E =
TE ~.. E
- = 3 ab” per experiment Dk .
107 = === 139 fb” (CMS-only, 13 TeV) —
"~ Real singlet (b, = 100 GeV, 6 = 0.2) -
10°F —a,=05 —a,=10 =
= | | 2T , | ¥ '
3x107" 1 2 3 4 tts 4t
mg [TeV]
82 scenario S ZZ (14 TeV) 3 ab™ per experiment (14 TeV)
:ATLAS_FI(:MSIIIIISI'IT'IdiI:E T T T [ T T T [ T T T [ T T T [ T T T ] T 1
- pin 0, Gluon fusion production = = _ i
10° b Projections ESPPU 2026 Narrow Width Approximation _ g AT .LA.S+CMS 139 fb™' (ATLAS only, 13 TeV)
- 95% CL upper limit i & - Projections ESPPU 2026 s2 -
- Expected - J; 95% CL upper limit
102 - 95% 3 ~—
§ § o 10— ]
- ] 9 B _
10 §_ ----------------- _§ c,) — ]
E E I:.: — —
B 1 7 i L
1 = -1 i — Q—
- == 3 ab" per experiment E = - -
- ==e== 139 fb”' (CMS-only, 13 TeV) s )
107" Real singlet (b, = 100 GeV, 6 = 0.2) = = _
- —a,=05 —a,=10 § - -
10_2 | | | | ] | ] | | L I | | | | | | | | | | | I | | | | | | | | | |
107" 2x107" 3x10™" 1 2 3 4 400 600 800 1000 1200 1400
mg [TeV] 30 mg [GeV]




Scalar Singlet Model and FOPT

ms =300 GeV, b3 =0 GeV, by =0.25 FOPT Selection - ms =300 GeV, b3 = 0 GeV, by =0.25

10—1 ,

[
9
N

® Strong FOPT

B S->HH (52 NWA, 95%)

B S—-ZZ (S2 NWA, 95%)
K3 (S3, 68%)

B k3 (S3, 95%)

Kz (52, 68%)

|9Hz2/ 95 — 1]

Conservative choice of model parameters

T Kz (S2, 95%)

10 15 2.0 2.5

Single H boson production includes

processes sensitive to the Higgs self

4l _couplings at NLO EW correction level.
" Constraint from kz useful

107!

Full FOPT exclusion in other regions!

=
o
o

\GHzzI95%, — 1|

® Strong FOPT
K3 (S3, 68%)
B k3 (S3, 95%)

Kz (S2, 68%)
Kz (S2, 95%)

[
<
w

PP 2.2 .8 a8 )
LLEIE ]”l 'lm “

a4l . . .. [
10 0.5 1.0 1.5 2.0 2.5

K3
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Comparison with Lisa sensitivity
Models implying the existence of an
additional scalar singlet that would

imply a strong |st order phase
transition (orange region)

Gravitational waves experiment:

Lisa sensitivity From ArXiv: 2409.1/554

'll
1
‘.
| ms =300 GeV, b3 =0 GeV, by =0.25
1
\

1
1
|
|
|
1
|
\
\
\

© 3 ab™
L v 26 -
~~~~~~~~~ ]
,§°!.5 - 6 ]
E —
/7
o' 0F 5 -
O
S
- 4
g 5 - SNRL|5A>5
2— oF — bbyy: 20 3 <z
“’ -—- bbyy:50 Z,
0.5 — bbttt~:20 2
-—- bbt*T " :50
0.0 | | | 1
0.05 nAn N.15 0.20
Mixing angle. 0

—0.25-0.20—0.15—0.10—0.05 0.00 0.05 0.10 0.15 0.20 0.25

Nice complementarity with Gravitational Wave experiments
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https://arxiv.org/pdf/2409.17554

ar

sample of different model parameters

ms = 300 GeV, b; =0 GeV, by = 0.25
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ms = 700 GeV, b3 =0 GeV, by = 0.25
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Scalar Singlet FOPT exclusion by
HZZ and k3

1072¢

|9Hz2I90%, — 1|

Strong FOPT

1073}

K3 (S3, 68%)
K3 (53, 95%)
Kz (52, 68%)
Kz (S2, 95%)

1074

0.5

1.0

Global exclusion, without constraint from resonances
that depend on specific values of model parameters
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arXiv]608.06619

Real Scalar Singlet Model

1.0

CEPC / ILC-500

FCC-ee

dashed = SppC / FCC-hh / ILC-1000

1.5

2.0

hhh coupling: Az/Az sm
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https://arxiv.org/pdf/1608.06619

Scalar Singlet FOPT exclusion by
HZZ and k3 arXiv1608.066 19

Real Scalar Singlet Model

1
—
10~ !
N
- %c‘g 0.100 HL-LHC
— ———
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EW Vacuum Stability

] —1 !
In case the SM is valid up to the Plank scale we have indirect indication : é;';}'eﬁ;f?;pu 2006 3 ab™" per experiment
that our Universe is metastable. This plots provides important 1800 -
information about tensions in the SM. T
I Instability
1775 - m; from tt+jet
if central value stays where it is now, we will have > N -==- 8TeV (20.2 b7)
_ . &) | Metastability —— 13 TeV (36.3 fb 1)
more than 20 exclusion of the Stability < 175.0 - . -
S - — 52 with profiling
S S OO 52 without profiling
172.5-: ,\
_ A \){
. \__//I
700d Stability  T-_-- g
12:18l | I12I)OI | l12.:5.2. | l12:)4l | I12I36I | I12:)8
my |GeV]
200 MeV precision from 600 MeV precision from
tt+jets 13 TeV by CMS tt+1jets 8 Tev by ATLAS MuZ2=ATLAS+CMS 21 MeV
(link) profiling (link) no profiling
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Higgs potential and k; at ete- Colliders

e At ete- Colliders below di-Higgs threshold constraints on the

Higgs potential come from indirect (or better at 1 loop) single

Higgs production processes g— T f—e T
T TR
W- - KA W- _ 1.9}
- > — Ve _ — Ve
. v v
e At ete- Colliders above di-Higgs threshold, direct di- Higgs processes
double Higgs-strahlung: ete — ZHH
Z
Z S L . B S B R B —
w H P(e~,et) = (—0.8,+0.3) /
H 04 ete” — Zhh e
ete~ — vihh /
ete” — vhh (WW-fusion only)
_03F
=}
® 0.2k
0.1
0.0 e R N R RS
' 400 600 800 1000 1200 1400
Vs [GeV]
. experimental uncertainties on considered observables, on input
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Higgs potential and k; at ete- Colliders
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Single&di-Higgs constraints on k;

single Higgs di-Higgs

> modifies Higgs self coupling oA

1
_(HTaH)Z Modifies H-Z coupling = 0Zh F(HTH

A? Real Scalar Singlet Model
i . . .

~N8llL
ACARE

current

O
—h
o
=)

e The HZ Coupling is better measured, but deviations in the Zh e

coupling (6Zh) are proportional to gz (the Z SM coupling)

e deviations in A (6A) are not related to Asm.- There are

hZZ coupling: 6Z
o
=
o

Models iwhere 6A >> 6Zh, notably the ones with a first 0.001} L
order phase transition, with large self-interaction ! @
10-41 S 1TeV = SPCC FCC-hh / ILC 1 TeV
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. hhh coupling: As/As g



ki; and Future Colliders

At e*e Colliders below HH threshold
come from indirect single Higgs HL+LHeC

constraints HL+LCF250

HL+LC Fsso

HL+CLIC3s0

HL+CLIC1500

~26 ./o

HL+FCC-eesqo | ~26%

HL+FCC-ees6s |
HL+FCC-hh

' . . A . A . A .. ' o s

HL+MuCo
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First time that the constraints are
set on the quartic Higgs coupling.

Higgs quartic coupling

gﬂ' 300 [ | | | I D [ I B I I I
- ATLAS+CMS -
- Projections ESPPU 2026 3
200— —
- Vs=14TeV Expected 95% CL w«Unitarity -
— -1 . —
- 3 ab per experiment = S3 + reduced bkg. unc ¥ SM N
- HHH— 6b -
100— —
i c”‘cpertu Jative unitarity bonds }
0 | = —
—100— —
200 -

[ | | [ 1 | | I [ 1 1 | | I I | [ 1 1 | | I I | |

-10 -5 0 S) 10 15

K3

95% CL limit on cross-section < 109 xSM
More channels will be added in the future!
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Testing the
Electroweak symmetry breaking
via Vector Boson Scattering:

Another approach
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g-B()rn

pb

Electroweak symmetry breaking

———~ 30 | I l R I ‘/,,
Gauge-boson self interactions play a crucial role for 2 LEP
the renormalisability of the electroweak theory > 3 . i
b; . :
Large cancellations of divergences arising in individual 50 - B
diagrams are exact if couplings take the values of the SM S R
"’, R . + & 0
+ + Ld A
WL W~ — WL W~ 10 - _
10™ | l | | . i@
o i YFSWW/RacoonWW
ol | cd - E/ _...no ZWW vertex (Gentle) -
10 (b) ------ .;;:* ..... only v, exchange (Gentle)
10 (a)+(b) ——-— e WN{Z
1 ' - g O I ' T ' T
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160 180 200
108 .
Vs (GeV)
106 |- - In vector boson scattering, the presence of the Higgs boson is
“““i"‘ }i - needed to exactly cancel out the otherwise diverging scattering
b e ' S o it e . . . . . . .
pRg . T = amplitudes at high energies and prevent unitarity violation at the TeV
TR Bl scale.
| ? Any significant deviation from the predicted high-energy behaviour
0 i of vector boson scattering would point to new phenomena.
| | | |
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|77



di-boson scattering: a complementary path

| | | | | | | | |
- ATLAS+CMS
" Projections ESPPU 2026
- 82

— Observation of longitudinally polarised vector
boson scattering WLWL process with better

AN

than 20% precision

L
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L

oy w eXxpected significance [c]

- W

O ] ] | ] | ] | | ] | ] ] ] ] |

W

3
Integrated luminosity per experiment [ab™] 1 %
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V[H] Conclusions

One of the most exciting
phases of LHC for ATLAS and
CMS is starting now, and will
allow us to get information on
the Higgs potential and on the
fate of our universe and the
presence of New Physics

We are continuously improving on our
experimental techniques at an
astonishing and unexpected rate!

The near future is going to be thrilling at
the HL-LHC!

%
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Going back from where we started.. are
our opinions changed?

m o+e- 1L 500 o+o- ILC 1000

- FCC-ee : 91,240, 365 GeV

SuperKEKB

FCC-eh with ERL

FCC-hh at 70-80 TeV with 12-14T magnets

LEP3 with Lumi=1/5 Lumi FCC-ee

2025 Near future 2050 Future 2075

2 @F.Maltoni



Fcc-ee +Fcc-hh 35 BCHF

cost estimates y Fcc-hh 27 BCHF

project | scenario / energy | details mmm

_lg

FCC-ee Z,WW,ZH, + 4 exp. CERN part | 14.0 BCHF HeC 9 km new tunnel, 50 2 BCHF
GeV e-
+ 4 exp. non CERN part +1.3 BCHF
uon 3.2 TeV at CERN 12.0 BCHF
+ upgrade to ttbar +1.3 BCHF ollider
FCC-hh 85 TeV pp, as second stage +19.1 BCHF 7.6 TeV at CERN 17.0 BCHF
FCC-hh 85 TeV pp, standalone 27.3 BCHF 10 TeV green field 19 BCHF
LCF 250 GeV 8.5 BCHF HALHF e 375GeV,e*41.7 3.8 BCHF
GeV (250 GeV c.m.)
550 GeV +5.5 BCHF 380 GeV 4.9 BCHF
LI Vv 7.
R 3 BCHF 550 GeV 6.3 BCHF
1500 GeV +7,1 BCHF |
ALIVE p-driven, 10 TeV ?

LEP3 ZH at 230 GeV +2 exp CERN 3.9 BCHF
part ALEGRO e*e &y, 210 TeV ?

+ 2 exp non CERN part +0.9 (0.3) BCHF



The end.. or the beginning of a hew journey

Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end
of the beginning.

(Winston Churchill)

izquotes.com
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ATLAS+CMS Projections for ks

3 ab~! per experiment (14 TeV)
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Higgs self-coupling projections
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Ratios of K’s= reduce theory systematics
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