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The Brout-Englert-Higgs (BEH) mechanism
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1 new particle the Higgs boson (H)

1 unknown the Higgs boson mass (mn)
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The Higgs boson is special

It is a fundamental scalar particle (spin O) and
its theory is unlike anything else has been seen in Nature!
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LHC : a new dimension in particle physics
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The Higgs boson production and decay ‘st a reminder
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The Higgs boson timeline at LHC

Years of unprecedented moments in HEP
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“Intermezzo”

In 2010 LHC started to deliver proton-proton collisions
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“Intermezzo”

In 2010 LHC started to deliver proton-proton collisions
50 years of particle physics ...
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The Higgs boson timeline at LHC

Years of unprecedented moments in HEP
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The Higgs boson timeline at LHC
Years of unprecedented moments in HEP
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The Higgs boson timeline at LHC
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The big five

Expected results
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Discovery of a new particle
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Discovery of a new particle

The open boxes on July 4th 2012
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Discovery of a new particle
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Discovery of a new particle

July 2013
European Physics Society HEPP Prize

“Discovery of a Higgs boson, a scalar particle whose associated
field breaks electroweak symmetry and generates mass”
awarded to the ATLAS and CMS Collaborations

October 2013
Nobel Prize

“For the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which
recently was confirmed through the discovery of the predicted

fundamental particle, by the ATLAS and CMS experiments at CERN's LHC”
awarded jointly to Francois Englert and Peter W. Higgs
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The Higgs boson timeline at LHC

Years of unprecedented moments in HEP
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The Higgs boson timeline at LHC

Years of unprecedented moments in HEP
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The Higgs boson timeline at LHC

Years of unprecedented moments in HEP
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A huge landscape of possibilities opens




A huge landscape of possibilities opens

Complete characterisationo

the Higgs boson profile
(exploiting both H-Z, H-W, and H-y interactions

and its couplings with 3rd/2nd-family fermion)




A huge landscape of possibilities opens

Study of the Higgs
boson self-coupling
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A huge landscape of possibilities opens

The Higgs boson as a tool
< , to reveal the mysteries of

Universe
| (Dark matter, BSM, ....)

Study of the Higgs
boson self-coupling

.....
e

" ——

Complete characterisationof §

the Higgs boson profile
(exploiting both H-Z, H-W, and H-y interactions

and its couplings with 3rd/2nd-family fermion)




The experimental H profile

Citation: R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022)

In the following HO refers to the signal that has been discovered in
the Higgs searches. Whereas the observed signal is labeled as a spin

0 particle and is called a Higgs Boson, the detailed properties of HO
and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for

Charged Higgs Bosons (Hi and Hii)", respectively.

H° MASS

VALUE (GeV) DOCUMENT ID TECN COMMENT
125.251+0.17 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below.

125.46+0.16 ISIRUNYAN  20L CMS pp, 13 TeV, vy, ZZ* — 4¢ |




The Higgs boson mass: “is not” vs. “is”
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The Higgs boson mass: “is not” vs. “is”

v The Higgs boson mass is not a prediction of the theory but the Higgs
boson mass is free input parameter of the theory
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The Higgs boson mass: “is not” vs. “is”

v The Higgs boson mass is not a prediction of the theory but the Higgs
boson mass is free input parameter of the theory

v The Higgs boson mass measurement is not a test of the SM but the Higgs
boson mass is an important? ingredient in SM predictions of many

“my-dependent” SM observables:

 Higgs boson observables : couplings, branching ratios, width
e Electroweak observables : mass of the W boson, mass of the top quark, effective weak
mixing angle, ....

1) | would argue that is the most important : _
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The Higgs boson mass: “is not” vs. “is”

v The Higgs boson mass is not a prediction of the theory but the Higgs
boson mass is free input parameter of the theory

v The Higgs boson mass measurement is not a test of the SM but the Higgs
boson mass is an important? ingredient in SM predictions of many

“my-dependent” SM observables:

 Higgs boson observables : couplings, branching ratios, width
e Electroweak observables : mass of the W boson, mass of the top quark, effective weak
mixing angle, ....

v The Higgs boson mass value is connected to the Fermi and the Planck
scales and ultimately with the vacuum stability

1) | would argue that is the most important : _
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MK Observables hep-ph/0311148

Approximated parametrisation for the mass of W boson (mw) :

My = My, — ¢ dH — co dH? + c3 dH* + c4(dh — 1) — 5 da + ¢ dt — ¢ dt?
— (8 dH dt + Cg dhdt — C10 dCVS + C11 dZ,

MH MH - (e 2
dH =1 dh = | dt = —1
where . (100 GeV) ’ (100 GeV) (174.3 Ge\/) ’
M, A« Mz)

g (
_ 1 1. da. = 1
01.1875 GeV “ ’

dZ

T 0.05907 >~ 70.119
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MH and effECtS on EWK Observables hep-ph/0311148
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Approximated parametrisation for the mass of W boson (mw) :
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The my measurement

The concept oversimplified
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The my measurement
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The concept oversimplified

“Mass Peaks”

using high resolution channels (4+yy)
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The my measurement

The concept oversimplified

“Mass Peaks” “Mass Measurements”

using high resolution channels (4+yy)
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MmH : best precision to date

Combination of channels

C_cms >

Run1:5.1 b (7 TeV) + 19.7 b (8 TeV) —— Total Stat. Only
2016:35.9 fb™ (13 TeV)

Total (Stat. Only)

Run 1 H—yy —_—— 124.70 = 0.34 ( = 0.31) GeV

Run 1 H— ZZ— 4l S 125.59 = 0.46 ( = 0.42) GeV

Run 1 Combined bt 125.07 £ 0.28 ( = 0.26) GeV

2016 H—yy ——i 125.78 = 0.26 ( = 0.18) GeV

2016 H— ZZ— 4l —— 125.26 = 0.21 ( = 0.19) GeV
|

2016 Combined —e—i 125.46 + 0.16 ( = 0.13) GeV
|

Run 1 + 2016 r-i- 125.38 = 0.14 ( £ 0.11) GeV

122 123 124 125 126 127 128 129
m, (GeV)

U. Milano-Bicocca - 27/02/2023 - Roberto Salerno -35



MmH : best precision to date

Combination of channels

(

CMS D

Run 1:5.1 fb7 (7 TeV) + 19.7 fb™ (8 TeV)
2016:35.9 fb™' (13 TeV)

—— Total Stat. Only

Total (Stat. Only)

Run 1 H—yy —_—— 124.70 £ 0.34 ( = 0.31) GeV
Run 1 H— ZZ— 4l bt 125.59 = 0.46 ( = 0.42) GeV
Run 1 Combined bt 125.07 £ 0.28 ( = 0.26) GeV
2016 H—yy ——i 125.78 = 0.26 ( = 0.18) GeV
2016 H— ZZ— 4l —— 125.26 = 0.21 ( = 0.19) GeV
2016 Combined L 125.46 + 0.16 ( = 0.13) GeV
Run 1 + 2016 r-!- 125.38 + 0.14 ( =+ 0.11) GeV
o v v v v b v e b v e by
122 123 124 125 126 127 128 129
m, (GeV)

Uncertainty 140 MeV (0.11%)
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MmH : best precision to date

Combination of channels

C_cms >

Run 1: 5.1 fb (7 TeV) + 19.7 b (8 TeV) —— Total Stat. Only
Precision driven by statistics, but photon, |13 (13Tev)

_ Total (Stat. Only)
electron and muon scale and resolution RuN 1 Hesyy — 124.70 + 0.34 ( = 0.31) GeV
systematics will soon become limiting! U 1 Hes 77 4 . 12559 0.46 ( = 0.42) GeV

Run 1 Combined bt 125.07 £ 0.28 ( = 0.26) GeV
2016 H—yy —— 125.78 + 0.26 ( = 0.18) GeV

2016 H— Z2Z— 4l 125.26 = 0.21 ( = 0.19) GeV

Some measurements still based on partial
Run 2 datasets: more improvements to
come, and ATLAS+CMS mass combination Run 1+2016

122 123 124 125 126 127 128 129
m, (GeV)

[ @ ]
2016 Combined T—- 125.46 + 0.16 ( = 0.13) GeV
-i- 125.38 £ 0.14 ( £ 0.11) GeV

Uncertainty 140 MeV (0.11%)
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@i
Luminosity
LHC

Projections on my

at the High-Luminosity LHC with the CMS detector

CMS Phase-2 Projection Preliminary 3000 fb™ (14 TeV)
Expected my measurement uncertainty, 2 "°[3 Stat only 4
: : : : : < Stat+Syst
given in MeV, in the two different scenarios: § o . 4
Optimistic and Pessimistic °E
7E
myy expected uncertainty (MeV) | inclusive | 4y 4e 2e2u 2u2e - :
Optimistic 6f H—~2Z —4l l
Total 26 30 105 60 67 5 =
Syst impact 16 11 64 31 32 - \ |
Stat only 22 28 83 51 59 4L
Pessimistic N
Total 30 32 206 107 112 -
Syst impact 20 15 189 94 95 2
Stat only 22 28 83 51 59 1 -
Stat>sy$t bUt Same magnitUde ;I. 1 1 1 1 | 1 1 1 1 | 1 1 VI 1 1 1 | 1 1 1 1 |
925.1 125.2 125.3 125.4 125.5 125.6

m,, [GeV]
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@i
Luminosity
LHC

Projections on my

at the High-Luminosity LHC with the CMS detector

CMS Phase-2 Projection Preliminary 3000 fb™ (14 TeV)
Expected my measurement uncertainty, 2 "°[3 Stat only 4
: : : : : < Stat+Syst
given in MeV, in the two different scenarios: § o . 4
Optimistic and Pessimistic °E
7
myy expected uncertainty (MeV) | inclusive | 4y 4e 2e2u 2u2e - :
Optimistic 6f H—~2Z —4l l
Total 26 30 105 60 67 5 =
Syst impact 16 11 64 31 32 - \ |
Stat only 22 28 83 51 59 4L
Pessimistic N
Total 30 32 206 107 112 -
Syst impact 20 15 189 94 95 2
Stat only 22 28 83 51 59 1 -
Stat>Syst but same magnitude e L v . o
Y251 125.2 125.3 125.4 1255 125.6
m,, [GeV]

> than a factor 7 (210 MeV = 26-30 MeV) compared to the 4l current measurement

Improvements due to: a factor 10 in luminosity, the new tracker with less material, the precision and stability of
the HGCal, the improvements to the barrel calorimeters, and the pileup suppression provided by the new MTD.
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The Higgs boson width

> U E
() - N
O r z
T 2Ll 2 . .
=19 A crucial parameter for BSM searches, in SM
ot 1 cth =48 fm, small width Iy =4.1 MeV
0 —— }
10-1; ......................................................................................................................................... — We have Iong experlence With heavy EW bOSOnS
(W and Z). However, their width is 'H~2 GeV !
1 0-2 E_ ................................................................................ rH=lI-1MeV ............. _§
10'3_ I I | | | l l | I I
80100, . 200 300 1000
TH= M, [GeV]
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The Higgs boson width

3 o
;‘ 10 E | | §
— 102_ ....................................................................................................................................... _g . .
S A crucial parameter for BSM searches, in SM
ot 1 cth=48 fm, small width 'y =4.1 MeV
1 E_ ........................................................................................................................................ -
10'1__ ......................................................................................................................................... — We have |Ong experience With heavy EW bOSOnS
: (W and Z). However, their width is [y ~2 GeV |
1 0-2 E_ ................................................................................ rH=lI-1MeV ............. _§
10'3 | | | | | | | | | |
80 100 200 300 1000
mu =125 GeV

M., [GeV]
The direct measurements it is extremely hard! In addition, the total width is the sum of
all the partial widths, on the contrary of LEP, at LHC only oxBR can be measured.
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The Higgs boson width : strategies

Direct measurements
on-shell line shape
lifetime

Indirect measurements
couplings
off-shell production
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The Higgs boson width : strategies

Direct measurements
on-shell line shape Limited by detector resolutions o
lifetime

Indirect measurements
couplings The way out

off-shell production

U. Milano-Bicocca - 27/02/2023 - Roberto Salerno -43



From off-shell production Indirect measurement

The fixed-width Breit-Wigner scheme
Is generally good in describe the
inclusive differential (do/dm?2) Higgs
boson production

... DUt ...
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From off-shell production Indirect measurement

The fixed-width Breit-Wigner scheme
Is generally good in describe the
inclusive differential (do/dm?2) Higgs
boson production

__—~ ZZ,of f — shell
Higgs production

... DUt ...

... @s soon as we restrict to V\/ decay channel there is a large off-shell
contribution above the V'V threshold (high Higgs virtuality), it means that two
g2 propagators compensate and the cross section is enhanced.
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From off-shell production Indirect measurement

g

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII \U_/ V
| : 5 1] >e-----
0t [ g 9 9 V

8 TeV

The NNLO ZZ (black) and WW (red) invariant mass

1072 -
:- HTO powered by complex - pole - scheme diStribUtiOnS in ggqvv fOr mH =1ZSGeV
— 107 2 2
) -
;i Uon—shell N gggHgHZZ
”SS 04 - 22 yH—/7 erH
2 2
off-shell 8ggHSHZZ

U'gg%H* 77 (2mZ ) 2

arXiv:1206.4803
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From off-shell production Indirect measurement

g

|||||||||||||||||||||||||||||||||||||||||||| \U_/ V
1 : 5 ‘A D S
0[] s .' e v

8 TeV

The NNLO ZZ (black) and WW (red) invariant mass

1072 : : : :
: HTO powered by complos - pole - schome distributions in gg—VV for my =125GeV
'g 10_3 ! gz 2
:,i aon—shell N _ggHgH?f
~3§ o ge—H—7Z7 ”
NI :

2
off-shell _, oggHoHZZ
—H*—Z7
55 ( 2my ) 2

arXiv:1206.4803

Idea: make the ratio between the
two cross sections and measure Iy
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Measurement of the Higgs boson width

Events / bin

SM tot.

No off-shell scenario (peff-shel=Q) excluded >99.9% CL

10°

—h
o
N

—h
o
I

cMs 78 1" (13 TeV)
E 4], Dbkg>0.6
- t Observed

Total, no off-shell |
3 gg+EW SM total =
e )
_f Lo :
T 400 600 800

m,, (GeV)

Events / bin

SM tot.

CMS 138 fb' (13 TeV)
N I I I I I .
- 212y, prT”‘SS>200 GeV :
100 { Observed —
- Total, no off-shell ]
gg+EW SM total 1
Other SM
102 : i:ﬁ: |
AR -
108 %ﬁg E
1 = =
3
2 .
15_}““ M * ¢ {' l
500 1000
m&- (GeV)

= 3.60 for evidence for off-shell H production

14

12

10

-2 A InL

CMS

<140 fb' (13 TeV)

o I R | L | L | I

— 212v+4| off-shell + 4] on-shell
— 212v off-shell + 4| on-shell
— 4| off-shell + 4| on-shell

[H=3.2+24MeV

Observed
Expected

> | | I | [ |

-1.7

95% CL

68% CL

I'y, (MeV)
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Higgs boson couplings

After 10 years many signal strength modifiers’ measured

CMS 138 b (13 TeV)

f : "
Us —— Observed =1 SD || u combined +1 SD
! ! C +0.12 ! ! | '40.35 ! | L4054 ! | ' +0.71 N L | DL PP
vy 1.08 4] __*_1 .00 55 I 1.43 '} ] 119 o : | 38 59
Yy | | | 1
W' =1.13 = 0.09 ! ! ! !
| | | |
+0.14 +0.48 +1.55 +6.59 I +0.73
% 77 0.93 7,3 E 0.327 5 1 E 0.00 E 12.24 725 R : 0.00
u? =0.97 012 ! ! . :
: I I [ I
+0.11 ! +0.28 ! +0.72 ! +0.75 !
% WW 0.90 40 _._: 0.73 554 : 2.41 57 :_ 1.76 & : 1.44 + 0.32
- uW = 0.97 = 0.09 : : : :
| | | |
(& 0.66 = 0.21 ' 0.86 217 ' 1.33 100! 'l 1.89%9% 'l 0.35 04
: - (;51‘5 _.% -0.16 : s -0.57 : -0.56 : -0.37
= V. + U. 1
S : : : .
omm +2.97 : +0.42 : +0.36 ! +0.46
3 . t?)g 5.31 554 N _E_.__ 1.26 544 _.E_ 0.90 53, :, | 090 544
: w = 1 05 t0:21 I I I
' I |
v 0.33 *074 ' | 55 086 : 5.63 3% ' 30726
° . l:ttt -0.70 ' -0.73 : 336 221 -l
£ : 4 I ST :
|
+1.39 : +3.82
Z 3.86 123 : 4.43 289
u? = 2.59 +"°Y7 T !
09 ] ] ] ] : ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
0O 05 1 15 2 25 0 1 2 3 0 1 2 3 4 0 1 2 3 4 0 05 1 15 2 25 3
ggH VBF WH ZH ttH-+tH
— + = + — +0.26 — +0.24 _ +0.18
=097 = 0.08 Wt = 0.80 =012 n, =1.49705 w =1297% w  =113707
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Higgs boson couplings

After 10 years many signal strength modifiers? measured
5 main production channels and 5 main decay channels are observed

CMS 138 b (13 TeV)

Us —— Observed =1 SD || u combined +1 SD
' ' ! | 1n 054 ' ! 1o +0.71 T N aq 0se
Y'Y :_._1 A3 47 _:_.,_1-1 9 062 : __.1'_38 0.29
u’ =1.13 = 0.09 : : :
| | |
+1.55 +6.59 +0.73
2 77 . 1| 000 1224 55 ] '| 0.00
|
O W72 = 0,971 : : .
: 1 [ [
- WW | 24157 | 17657 1| 1442032
g wWW =0.97 + 0.09 : : :
| | |
1 +0.61 1 +0.65 1 +0.44
(&) 1.33 1.89 0.35
-0.57 -0.56 -0.37
b TT ! o | —— ——
° u*=0.85+0.10 I I I
| | |
omm : +0.42 : +0.36 ; +0.46
s bb aol 1.26 5 41 i 0.90 o34 1] 0-90 54y
S u® =1.05 "% | | _"':
T L |
+3.04 1 +2.63
'g E 563 55 1| 30755 |
-l 0 : 2 4 6 8 .
n I I I I I I !
+3.82
ZY -2.89
u? =259"
. | | | | | | | | | | | | | | | | | |

decay channels

1) u scale cross sections and branching fractions relative to the SM U. Milano-Bicocea - 27/02/2023 - Roberto Salerno -50



Higgs boson couplings vs. mass

CMSI - |1?|>8lﬂ?'l1(1|3TeIV)

Remarkable agreement with the predictions

. E>‘§D 1 m,=125.38 lGe\I/ W Z t._
of the BEH mechanism over 3 orders of g '
magnitude of mass! —— __

O - ]
el '
< i :
10 — ‘ -
f Vector bosons
_3 _ ¢ 3" generation fermions
107°F u d -
: i,x" $ 2" generation fermions -
e SM Higgs boson _
1(‘)_4:_'" 1] L | Y L
% .45"|" I T T T TTT] | T T T 17T . . , ]
S | .2:— ¢ 1.05F H E
- 1.0 'r+ -------------------- 1.00f===k}==-== e
= 0.8F 0.95F =
T Q@fe—— el il L
107" 1 10 10°

Particle mass (GeV)

Coupling modifier k; : parameterisation of inclusive production and decay rates
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Higgs boson couplings vs. mass

Remarkable agreement with the predictions
of the BEH mechanism over 3 orders of
magnitude of mass!

~5% precision on ky
Observation (>50) of coupling with 3rd gen.

Evidence (>30) of coupling with 2nd gen.

Coupling modifier k; : parameterisation of inclusive production and decay rates

e.g. ke=o0/ogy,

e

Ratio to SM
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CMS 138 fb™! (13 TeV)
_I | | | | | L | | | | 1T 1T 11 I | "_‘
m,=125.38 GeV Wz
o".' ]
b L 2
i T .8 -
o"‘
f Vector bosons
1 rd . :
® 3 generation fermions
3 U . nd . . E
: i,*’ } 2 = generation fermions
A POPPPE SM Higgs boson
L . | Ll L E
| | | | | | I 11 | ' -' o
Y | + 105;— {* E
bl heRCLEELELEEPEEPEPEYEEPEY yigaeh oRRRECELEECEEEEETEERE 1.00F == =kf=+:=- E-n=-
2 ! 0.95F ! E
| | l | | L1 | l l L1 1 |
107 1 10 10°

Particle mass (GeV)



Higgs boson couplings vs. mass

Remarkable agreement with the predictions 1 oy

= \
ez T o©
of the BEH mechanism over 3 orders of o N W"z”
magnitude of mass! | _

~5% precision on ky

Vector bosons

Observation (>50) of coupling with 3rd gen.

rd . .
3~ generation fermions

Evidence (>30) of coupling with 2nd gen.

nd . .
2 ~ generation fermions

SM Higgs boson

Observation of fundamental interaction

S l4mr—— :
(the Yukawa) is important as observation o 12| + S
of a fundamental particle. o gl T oopr R
C @t L ] o L

107 1 10 10°

Particle mass (GeV)

Coupling modifier k; : parameterisation of inclusive production and decay rates
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@
Luminosity
LHC

Projections of H couplings

CMS | | | | [Nalture 607, €I50—68 (202_2):
14F W _ Z -
10 E— | -1.05 _ r1.05 _;
o R Rt SEime il Lo -
08F -0.95 - -0.95 E . .
06k [ | ‘ RE Many beyond SM scenarios predict only %-level
0.4F | | , | | , 3 ..
2.0 l —— ———%————— deviations from SM !
15 ;_ } -.1_05 r1.05 _;
~ 1_05—--_ ————— -{I]-————-{—n——-1.oo-l1}-—- ———————————————— ﬁ—--moo-lﬂ--—f
; j i BLLNE .
05| | 3 About 20x more Higgs bosons expected from
T — {[ﬂ —— ——5 3  Run3 and High-Luminosity LHC
1.5F 1,05 _ 1,05 E
| S — {ulﬂ ------------ {ulﬂ — Harsher experimental conditions require
05 Y fl upgrades of our detectors
0.0l : : ' ' ' '
WE T 0 ;
12:_ -105 -1.05 _E
T | B B I}]
¥ 825_ M {I] -0.95 05 —E
0.4F 0% % E
0.2F =
0.0F : : : : : :
Oy LK Thi HL. ¢ Obs. (stat ® syst) stat
SCo.,ery CR"” 7 N WPey thie [ Proj. (stat @ syst) syst
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H boson self-interaction




Does the Higgs boson interact with itself?
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Does the Higgs boson interact with itself?

A self-interacting Higgs (as SM predicts) would be unlike anything yet seen in nature.
All other interactions change particle identity.

The Higgs boson cubic (/Igw) and quartic (ﬂfM) couplings are "

1
'
1 s ’
'

the keys to check the EWSB. The Higgs boson potential is :

mj;

2
Direct test of cubic coupling only with HH production’ #

P C - —Lp? = aSMyp3 — ) SMp
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Does the Higgs boson interact with itself?

A self-interacting Higgs (as SM predicts) would be unlike anything yet seen in nature.
All other interactions change particle identity.

The Higgs boson cubic (/Igw) and quartic (ﬂfM) couplings are ’4“ si‘r ” "
the keys to check the EWSB. The Higgs boson potential is : “ . . '/ 2
SM __ "H -
)
m
F C ——Lh? = 2Myp3 — )M
2

Direct test of cubic coupling only with HH production’ #

The thermal history of the Universe

Deviations from SM Higgs boson self-coupling cause a

modified potential that allows first-order electroweak phase s

tra nSitiOn an d h ence an ex p | an atio N Of th e o bse rved matter "y
vs anti-matter asymmetry! //
1 “s“‘“\‘

We need to probe size of modification down to 1.4, » » » » A » .

o3/ Ags 0

the expected uncertainty of the measurement should be ©(10%) | | | A
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HH production cross sections within Sm

) )
— 3 o(pp — HH + X) [fb] > HH (NNLO ) . L. .
CI0TE M - 125Gey - ree——5 HH production channels similar to H production,
+ - i . . .
- PDEALHCIS ] but there is a very important difference
T 10~ f
)
Q.
210
0
1
-1
10 FE _
) : LHCHXSWG-2019-005 :
10~ ' ' ' e
1314 20 30 50 70 li()
——
s |TeV
LHC / HL-LHC Vs [TeV] FCC-hh
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HH production cross sections within Sm

*ggH | Single H production

o(pp — HH + X) [fb] gg — HH (NNLO )

mee——""3 HH production channels similar to H production,
: but there is a very important difference

M, = 125 GeV
PDF4LHCI15

o(pp = H)
o — HH) ~
(pp ) 000

0L i Higgs boson pairs are predicted

: : to be 1000x rarer than single Higgs
" 2 | | | | LHCHXSWG-2019-005 |

1314 20 30 50 70 130
LHC / HL-LHC Vs [TeV] FCC-hh
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HH final states within SM

A very rich set of final states

,
bb B (HH — XX yy) I
my = 125 GeV | = 107
ATLAS/CMS results with LHC Run 2 covers -
WW 2
1 10
T 107
| nd
_, § 10

107
Y

\4 -6
Rarer 1 O
bb WW T /7 VY

Rarer
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HH final states within SM

: 1
A very rich set of final states
y bb B (HH % XX yy) I ............... > 34%
mpu = 125 GeV | = 107
ATLAS/CMS results with LHC Run 2 covers W -
....................................................................... | 102
{ > 1 H decaying to b quarks Channels -
"...................................................................--" : ................ > 0.26%
T = 107
e
- = 10
107
VY
VRarer . 10_6

bb WW v Y4 VY

Rarer
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HH final states within SM

A very rich set of final states
y oh B (HH — xxyy)
_ my = 125 GeV =
. :: ) SEERTEERRPETRTE > 46/
ATLAS/CMS results with LHC Run 2 covers W -
....................................................................... | 102
i > 1H decaying to b quarks Channels T -
"":::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::'"' e p——" >0.26%
"""" 435 0100
’ multilepton channels v = 10> 010%
S "
- = 10
Eeeeeee— -
: 107
Y
VRarer . 10_6

bb WW v Y4 VY

Rarer
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HH final states within SM

A very rich set of final states

ATLAS/CMS results with LHC Run 2 covers

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
0
0

0 Q
@
......l..l..l..l..l..l..l..l..l..l..l..l.....l..l..l..l..l..l..l..--“

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
L 4
*

‘ L 2
.l *
AN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERT

Not a single channel
but (at least) three “silver” bullets

bb

High &
Low S/B

B(HH — xxyy)

my = 125 GeV | = 107
.......E ................ > 4.6/
WW )
4 107
.......E ................ > 0.26%
TT = -1..@‘3; 0.10%
| 10
- 10
;=.:. —]
: 1 0—5
Low &
| High S/B
vRarer 1 0_6

bb

TT

WW Y4 VY

Rarer
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Putting all together

Not a single “golden” channel but various :

contributions to the overall sensitivity Combinations are key
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Putting all together : HH production

Not a single “golden” channel but various :

contributions to the overall sensitivity Combinations are key

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
.
*

CcMS 138 fb' (13 TeV) CMS 138 fb~1 (13 TeV) ‘e
I 1 1 1 1 1 LI I 1 1 1 1 LI I T I T I T T I T I I I 1 1 1 I 1 1 I I 1
Ky =ky =1 —e— QObserved  ----- Median expected : _ _ 4 Ohcarvad . . :
( : M S o = iy = 1 B 5% oxoctos K, =k, =k,=1 —— Observed Median expected
I o ] ]
_____ 95% expected —— Theory prediction 88 68% CL expected

----- 95% CL expected T

bb ZZ
Expected: 40
Observed: 32

—h
o
w
T1

Multilepton
Expected: 19
Observed: 21

[ it

bb vy
Expected: 5.5
Observed: 8.4

—h
o
N
T1

“silver”
bullets

bb 11
Expected: 5.2

Observed: 3.3

95% CL limit on o(pp — HH) fb

bb bb
Expected: 4.0

Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

1 1 | N I | 1 1 1 1 | I - 10__I I 1 1 1 I 1 1 1
1 10 100 6 4 _

.
.
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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L L 4
* L 4
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--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Putting all together : VVHH interaction

CMS 138 fb’ (13 TeV) > T T 1 I B — T T 1 T T 1 T T 1
o N S A L € | ATLAS Prelimi :
=~ - K=K =Ky =1 — Observed ~ ----- Median expected - ol reliminary B
%'\ ~—— Theory prediction [E¥¥ 68% expected ] ] Vs =13TeV, 126—139 fb™" |
s L 95% expected |  Allotherk fixedtoSM === "7777 7 7
T S | . Expected /,,/ 1
| . . - -
\% 10° — 1 | |
© u _
c

@) - / -
'E Excluded Excluded - [/ -

|

X 10 0 l
L0 - -\ -
>t A 68% CLHH
R . 95%CLHH |
] SM prediction |
1 Best fit HH B

- | | I | | | | I
[ I R B \ I N R B
-5 - 0 : 5 3 4 —1 0 3 4
Koy Koy
k,, = 0 is excluded, with a significance of 6.6 Constrained in the ki, and k,y plane

s.d. assuming all other couplings to be SM
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Putting all together : VVHH interaction

S —

138 b (13 TeV)
| | | | | | | |

—
o
w

- K =K =K = —— Observed ~ -----

N

—

o
R

I|

A\

Excluded

95% CL limit on o(pp — HH (incl.)) / fb

—
o
LI

1||\|\|

~—— Theory prediction [E¥¥ 68% expected

Median expected

95% expected

Excluded

—2 ~1 0 1 2

ky, = 0 is excluded, with a significance of 6.6

Koy

s.d. assuming all other couplings to be SM

I I I I I I I I I I I I I I I I I I
- ATLAS Preliminary i
2~ vs=13TeV, 126—139 fo-! -
 Allotherk fixedtoSM ~ _ __—-==""7TTTTT7 a
. Expected ’,,/ 1
1 - —_
| / -
/
Ly _
/
-, i
O
-\ 68%CLHH |
R . 95% CLHH |
i SM prediction ]
Best fit HH
-1r | |
—-1 0 3 4
K2ov

Constrained in the ky, and k,y, plane

Establishing the existence of the quartic coupling VVHH
Key role of (HH—bbbb) boosted searches and ML for H—=bb decay ID

ATLAS: ATLAS-CONF-2022-050 CMS: Nature 607, 60-68 (2022)

U. Milano-Bicocca - 27/02/2023 - Roberto Salerno -68




Putting all together : VVHH interaction .- .

138 b (13 TeV)

.E 1 04 E I I I I | I I I I I | I I I I | I I I | I | I E
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g 400 3 e +HH =0 [ fiejets .
L%’ - CMS: arXiv:2205.06667 ~ Bkgd. unc.
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The distributions of the invariant mass of
the HH system after a background-only fit 1

to the data, for the VBF categories of the
HH—bbbb channel
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Establishing the existence of the quartic coupling VVHH
Key role of (HH—bbbb) boosted searches and ML for H—=bb decay ID
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The future : HL-LHC and beyond ¢ s @tz

Exp. and obs. limits on HH production in

CMS Higgs@FC WG September 2019
| | | | r 1T 1 1 l I 1 1 [ 1 1 1 ] I 1 1 1 [ 1T 1 1 I 1 d H . I H
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s : e O
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3 - | §§§ \\i \ii ILCs00 N ILC,y,
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& 10 ¢ E CEPC under HH threshold L;C;so
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>
< 95% expected Key |egacy Of H I_'I_HC

unmatched precision over the next >30 years
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Higgs boson in BSM searches
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The role of H in searches for BSM

Few examples
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The role of H in searches for BSM

Few examples

Hi2s invisible
and undetected decays
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The role of H in searches for BSM

Few examples
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The role of H in searches for BSM

Few examples

Hi2s invisible
and undetected decays

H12s exotic decays

invisible decay
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The role of H in searches for BSM

Few examples

Hi2s invisible
and undetected decays

Hi25 exotic decays

invisible decay
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Higgs boson to invisible decay

The expected SM H branching fraction to invisible decay (£5...) is 012% due to H —» Z/Z* — vivp

1nv

Several BSM scenario = anomalous and sizeable values, %3  is significantly enhanced.
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Higgs boson to invisible decay

The expected SM H branching fraction to invisible decay (£5...) is 012% due to H —» Z/Z* — vivp

1nv

Several BSM scenario = anomalous and sizeable values, %3  is significantly enhanced.

In one class of models H decay in a pair of stable WIMPs. £
They represent a simple extension of the SM to provide a Dark H
Matter (DM) candidate and are able to predict the observed relic -

DM density via s-channel yy — ff annihilation.

The solution of the DM problem could be found within the Higgs sector.
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Higgs boson to invisible decay

The expected SM H branching fraction to invisible decay (£5...) is 012% due to H —» Z/Z* — vivp

1nv

Several BSM scenario = anomalous and sizeable values, %3  is significantly enhanced.

In one class of models H decay in a pair of stable WIMPs. £
They represent a simple extension of the SM to provide a Dark H
Matter (DM) candidate and are able to predict the observed relic -

DM density via s-channel yy — ff annihilation.
The solution of the DM problem could be found within the Higgs sector.

Common signature : significant missing transverse momentum from the Higgs boson decay.
Identify the event : profit of visible particles recoiling against the Higgs boson.
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Search for Higgs boson to invisible decay

ggH boosted , VBF Associated production ttH
OO0 e =
S <.
"00000%“— "00000" )
X
ATLAS and CMS probe all production mechanisms
2 .
c_% A@ Phys.Rev.D 103 (2021) 11, 112006 arxiv:2202.07993 Phys.Lett.B 829 (2022) 137066 ATLAS-CONF-2022-007
o e Eur.Phys.J.C 82 (2022) 2, 105
© Eur.Phys.J.C 81 (2021)
% M JHEP 11 (2021) 153 Phys.Rev.D 105 (2022) 092007 JHEP 11 (2021) 153
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Search for Higgs boson to invisible decay

ggH boosted , ttH
BOO00 . .
| | 4 e py
T00000%— "00000" )
X
ATLAS and CMS probe all ppeduction mechanisms
2 -
% A@ Phys.Rev.D 103 (2021) 11, 112006 arxiv:2202.07993 Phys.Lett.B 829 (2022) 137066 ATLAS-CONF-2022-007

Eur.Phys.J.C 82 (2022) 2, 105

E Eur.Phys.J.C 81 (2021)
c 9P JHEP 11 (2021) 153 Phys.Rev.D 105 (2022) 092007 JHEP 11 (2021) 153
2 £

The VBF production mechanism drives the overall
sensitivity in the direct search for invisible decays of
the Higgs boson, thanks to its large production cross

section and distinctive event topology
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VBF Higgs boson to invisible decay . 0

| Phys.Rev.D 105 (2022) 092007

Strategy

2 jets with large angular separation Az, and large invariant mass m;,
Veto on other objects (leptons/photons)

High missing transverse momentum (trigger constraint) = reject QCD
Low |Ag;;| — reject QCD

= Main remaining backgrounds: Z(vv) + jets and W(lv) + jets (strong and VBF productions)
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VBF Higgs boson to inViSibIe decay gﬁ%éF’hyS.F%eV.D‘105(2022)092007

Strategy

2 jets with large angular separation Az, and large invariant mass m;,

Veto on other objects (leptons/photons)
High missing transverse momentum (trigger constraint) = reject QCD
Low |Ag;;| — reject QCD

= Main remaining backgrounds: Z(vv) + jets and W(lv) + jets (strong and VBF productions)

CMS 138 fb' (13 TeV)
= =
8 - MTR SR —4— Data Z(vv)+jets (strong)
-~ 10 = Z(vv)+ets (VBF) W(lv)+jets (strong)
i) 3 - W(lv)+ets (VBF) Other EW
10° =
QCJ = HF noise E QCD multijet
LI>J 102 ;— —— Total bkg. (B-only fit) === Total bkg. (S+B fit) = 1o
& = = VBF — = ggH+VH-tH
10 ;_ B(H — inv) =0.08
—
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10—1=:P| H_h—L__1 '

II| IIIIlIJI| [ LLI IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| [ LI

_II|IIII|IIII|IIII|IIII|IIII|IIIILFIHIHWIHﬁ
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Data / prediction

One analysis category
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VBF Higgs boson to inViSibIe decay gﬁ%éF’hyS.ReV.D‘I05(2022)O92007

Strategy

2 jets with large angular separation Az, and large invariant mass m;,

Veto on other objects (leptons/photons)
High missing transverse momentum (trigger constraint) = reject QCD
Low |Ag;;| — reject QCD

= Main remaining backgrounds: Z(vv) + jets and W(lv) + jets (strong and VBF productions)

-1 _ _
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12) . — W(lv)+jets (VBF) || Other EW — = 0.7 [ i _
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o) = HF noise [ ] QCD multijet = — - . .
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- )
ATLAS
I n te r p retat I O n s C\MS Phys.Rev.D 105 (2022) 092007

Upper limits on the spin-independent WIMP-nucleon cross section

B . <0.127 ATLAS
All limits at 90% CL / s =13 TeV, 139 fb™

-l—l".‘.

Lol bbbl ol d

—"’.—.‘-
,..—.—""’ Higgs Portal WIMP: Other experiments: _J
_.~~'M,=0.01GeV 44444 Scalar DarkSide-50 —=
"M,_,' = Majorana == PandaX-4T

Owimp-nucleon [CNMF]

e Vector e+ =11 m: Cresst-lll

1 10 10° 10° 10*
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= &)
ATLAS
I n te r p retat I O n s —2 Phys.Rev.D 105 (2022) 092007

Upper limits on the spin-independent WIMP-nucleon cross section

Cl\l_l | | I 1T 1T 111 | | | I 1T 1111 | | | rFrnrhl | | | I 1T 1111 | | 1T 1T 1T1H
5 B <0127 . ATLAS =
e inv . ]
.. -1 —
c All limits at 90% CL / (s=13TeV, 139 fb! =
D . : _
© Il : -
- " ' =
- o . _ —
1 Pl ngg§ Portal WIMP: Other experiments:
S \ _.~~Mm,=0.01GeV 44444 Scalar DarkSide-50
= ""M,_,' &é& Majorana = =1 PandaX-4T
o ~"~:._,'~ m Vectorger =1 m: Cresst-lll
N 755 Vector complete model

1 10 107 10° 10°*

| Kinematical threshold

Outperforms direct searches experiments for low mpm MwiMp = Mom = Mz = 62.5 GeV
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Lepton-Flavour Violating decays

H — eul/ut/et are forbidden in the SM but takes place through the LFV Yoo Tou Yer
Yukawa couplings Y;; # (m;/v)o;; arising in two Higgs doublet models, extra " Y.
dimensions, models with flavor symmetries, models of compositeness, ... Y
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Lepton-FIavour ViOIating decays <% Phys.Rev.D 104 (2022) 032013

. . Y Y, Y
H — eul/ut/et are forbidden in the SM but takes place through the LFV ee Tep | et
. . . Y
Yukawa couplings Y;; # (m;/v)o;; arising in two Higgs doublet models, extra un | Xz
dimensions, models with flavor symmetries, models of compositeness, ... Y
Focus on YeT and YﬂT (Y,, strongly constrained by y — ey)
137 b (13 TeV)
S CMS -+ Observed  [JZ-w
5 107 ut , 2 jets VBF I Z—ee/uu tt,t+jets
= 10° [ EW W/Z [ |Diboson Ch | ]
O 105 W+jets/QCD  [ISMH annels: ety et,, ut,, UT,
U>J o — H—ut (B=20%)[ ] Bkg. unc. . S
e L Jet categories: 0j, 1j, 2j (ggH), VBF
or * -~ BDTs to discriminate signal
1 Joint fit to BDT outputs
107"
"6
R -
L 1.2
»n 1
L 0.8 L
O o6 Most sensitive category

0.6 04 0.0 0 0.0
BDT discriminant
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Lepton-FIavour ViOIating decays % Phys.Rev.D 104 (2022) 032013

H — eul/ur/er are forbidden in the SM but takes place through the LFV Yee Yoy
Yukawa couplings Y;; # (m;/v)o;; arising in two Higgs doublet models, extra Loy

dimensions, models with flavor symmetries, models of compositeness, ...

Focus on YeT and YﬂT (Yeﬂ strongly constrained by u — ey)

CMS 137 b (13 TeV) 137 b (13 TeV)

T—=3U
The upper limits on B(H — er) and > F1o- > 10
PB(H — ut) are used to put constraints
onY,andY, 102 i 102
1 0_3 ““““““““““““““ = © 1 0_3 R — O\\".
k YIRS z g
Better than constraints from other - . - i
: A 107 ¢ . fz 107 ¢ T

experiments and for ¥ within the ; s olis = ; Vi g

m m I 2 27 F 3 : | "R
naturalness limit |v v | < -— 1078l ol ' T R SRR L N, W St

Ve V2 10°  10* 10° 102 10° 10° 10* 10° 102 10°
HBH — ur) < 0.15% IYMI BH — e1) < 0.22% Y _|
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10 years we have only started with the Higgs boson
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10 years we have only started with the Higgs boson

A fundamentally different kind of particle, a new player in our team
probing Nature.
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10 years we have only started with the Higgs boson

A fundamentally different kind of particle, a new player in our team
probing Nature.

We have steadily accrued knowledge about this Higgs boson.
The Higgs boson remains compatible with SM predictions.
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10 years we have only started with the Higgs boson

A fundamentally different kind of particle, a new player in our team
probing Nature.

We have steadily accrued knowledge about this Higgs boson.
The Higgs boson remains compatible with SM predictions.

The coming decades are crucial to understand it and make use of it in
exploring nature.
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