ATLAS

EXPERIMENT

NS

see
. .
ot St
*ol, S
ACNX et
W Sl
v gooes
A

I

i

S ., e,

& erte
PO XA
L) -,

A

A DECADE TURNING THEPOSSIBLE | e ooa cenn

On behalf of the CMS and

I N TO T H E K N O W N ATLAS Collaborations




-

WHERE WE DISCOVERED A BOSON...
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...BUT WHAT SORT OF BOSON?

Scene of the action
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| expected after 2017
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| MUCH PROGRESS SINCE 2017
QUANTUM NUMBERS
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QUANTUM NUMBERS
A PARTICLE'S FINGERPRINT

J = Spin angular momentum,
PC = Parity-Charge conjugation, and

q = Electric charge.

Each related to a symmetry.
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GAUGE AND HIGGS BOSONS |

I'y (photon) I 1(JP¢y =011~ )

Mass m < 1 x 10718 eV

Charge g < 1x 10740 e (mixed charge)
Charge g < 1x1073% ¢ (single charge)
Mean life 7 = Stable

or gluon

o

1(JPy=0(17)

Mass m = 0 2]
SU(3) color octet

graviton

-
Il
N

lw J=1
Charge = t1 e

IZ J=1
Charge =0

A. DAVID (CERN)


https://pdg.lbl.gov/2022/tables/rpp2022-sum-gauge-higgs-bosons.pdf

LERO ELECTRIC CHARGE

J = Spin angul
PC = Parity-C
q =0

Each related tq

A decade turning the possible into the known
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Candidate H°(125) event
decaying into two photons.

A. DAVID (CERN)



SPIN-PARITY
FROM DI-BOSON DECAYS

Probed via angular correlations in di-
boson decays (WW#*, ZZ*, YY).

Higgs decay to four charged leptons, an
important channel for angular correlations.

A decade turning the possible into the known

]

ATLAS:

CMS:


https://inspirehep.net/literature/1376946
https://inspirehep.net/literature/1327726

ATLAS: EPIC 75 (2015) 476
CMS: PRD 92 012004 (2015)

SPIN-PARITY ATLAS H 22" 4
—e— Observed ls=7TeV, 4510
FROM DI-BOSON DECAYS T, e
- 0"SMt1o
-0+SM'|_'2G H%WW*ﬁe‘/ﬂV
[ ]0'SM+t3¢ 's=8TeV, 20.3fb'
. . . . [ IREEREY H—
Probed via angular correlations in di- I 120 8_732\(, e
% %k Py h »
boson decays (WW#*, ZZ*, yY). - [ JJ %30 's=8TeV, 203 fo'
40¢ =
30F ;
. . . 20f ]
Many alternative spin-parity hypotheses : :
10 ; E
tested. | -
Data invariably compatible -10f l . l l
with spin zero and even parity, as -20F 3
predicted by SM. -30F | | :
JP=0 JP=0 JP=2" JP=2r JP=2r JP=2" YP=2
Kq=Kqg Kq=0 Kq=0 Kq=2Kg Kq=2Kg
£ 122 cmzsbts?urved s HZZ;WW v - E) o p,<300 GeV pT<125 GeV p,<300 GeV pT<125 GeV
3 :gfr HH }rrlﬁlrf?l»}lbl
A ﬂ"lll'il"ll'ul'
A decade turning the possible into the known © _‘,_ e s :&‘&x &z:.mz:# Y A. DAVID (CERN)



https://inspirehep.net/literature/1376946
https://inspirehep.net/literature/1327726

| PARITY
IN DI-TAU DECAYS

Higgs boson has many
possible interactions.

A decade turning the possible into the known

Weak

Photon BoOsSONS

Higgs Boson


https://commons.wikimedia.org/wiki/File:Elementary_particle_interactions.svg

| PARITY
IN DI-TAU DECAYS

Higgs boson has many
possible interactions.

H°(125) may interact
differently with
and

SM predicts same parity
in both.

A decade turning the possible into the known

Leptons

ap.

0 _0

Weak
Bosons

Higgs Boson



PARITY
IN DI-TAU DECAYS

HO(125) may interact
differently with tau leptons
and bosons.

* SM predicts same parity for
both.

Probed via angular
correlations in
H%(125)—Ttt decays.

A decade turning the possible into the known
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PARITY
IN DI-TAU DECAYS

Tau leptons and bosons

may interact differently

with HO(125).

* SM predicts same parity for
both.

Probed via angular
correlations in

HO(125)—TT decays.

prediction.
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https://cds.cern.ch/record/2809728
https://inspirehep.net/literature/1940967

| MUCH PROGRESS SINCE 2017
RARE DECAYS

H—Zy
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The mysteries of mass, G. Kane (2005)

RARE DECAYS

FERMIONS

First
_._generation

Low mass particles,
feeble interactions Mass

with the Higgs boson, (giga-electron-volts)
rare decays.

Second
generation

Third
- ._generation

BOSONS

10—1. e :

1032

1—3.

MASSLESS
BOSONS
A decade turning the possible into the known A. DAVID (CERN)


https://www.scientificamerican.com/article/the-mysteries-of-mass/

The mysteries of mass, G. Kane (2005)

RARE DECAYS — THE SECOND GENERATION

FERMIONS

First
._generation

Low mass particles,
103~
102 =

feeble interactions Mass ol
with the HiggS bOSOﬂ, (giga-electron-volts) 100

10!
rare decays. 2

Second
. generation

Third
- .._generation

S BOSONS o 2|n 200,

_
=" |

- e %\
-2 o - !

10 % A Lo
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o,

MASSLESS
BOSONS
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https://www.scientificamerican.com/article/the-mysteries-of-mass/
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HIGGS & MUONS

Exploit all production

modes.

* Candidate events compatible
with different associated

production modes and a
H°(125)— MM decay.

f
Kf
H- - — — —
SM predicts Higgs decays into 3
a pair of fermions, like muons. f

A decade turning the possible into the known

ATLAS:

CMS:

A. DAVID (CERN)


https://inspirehep.net/literature/1806929
https://inspirehep.net/literature/1815813

2] M CMS Experiment at the LHC, CERN
g Data recorded: 2018-Oct-03 01:19:17.320393 GMT
w

Run / Event / LS: 323940 / 4499700

HIGGS & MUONS

Exploit all production
modes.

* Candidate events compatible s Candidate qq+H°(
with different associated

production modes and a
H°(125)— MM decay.

f
Kf
H- - — — —
SM predicts Higgs decays into 3
a pair of fermions, like muons. f
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https://inspirehep.net/literature/1806929
https://inspirehep.net/literature/1815813

ATLAS:
CMS:

22 ‘M CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
w

Run / Event / LS: 323940 / 44997009 / 65

HIGGS & MUONS

Exploit all production
modes.

Candidate events compatible
with different associated

. CMS Experiment at the LHC, CERN
produchon modes cmd ad 5 Data recorded: 2016-Jun-04 20:33:48.969022 GMT

o Run/Event/LS: 274420/ 119660942 / 136
H%(125)— MM decay. ‘

SM predicts Higgs decays into
a pair of fermions, like muons. f

Candidate ti+H°(1111) event.

A decade turning the possible into the known A. DAVID (CERN)


https://inspirehep.net/literature/1806929
https://inspirehep.net/literature/1815813
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ATLAS: PLB 812 (2021) 135980
CMS: JHEP O1 (2021) 148
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particle mass (GeV)
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https://inspirehep.net/literature/1806929
https://inspirehep.net/literature/1815813

ATLAS: PLB 812 (2021) 135980
CMS: JHEP O1 (2021) 148

35.9-137 fb”' (13 TeV)

> ||| ! ! L |||| ! I LI |||| ! I L ||||
S |> 1 el
H I G GS & MU 0 NS Z £ CMS Supplementary wZ -7
[ »° i
5 - m, = 125.38 GeV s 1
ELL|>10_1 = p-value = 44% E
Exploit all production g ) e g
m : [ g |
OdeS 10—2 3 Té"? E
Exquisitely small signal. i et ERnEmreT e

i D
ADiE DEn

Force carriers

A new data point. 107

Evidence-level measurement Higgs boson

T S T TTTIT

at the LHC. 104k .n.. @ J
Mass range probed covers c% 1-5?:| = :::::: — :::::: o :::::: _
! -g 1;"% """"""" %'% """"""""""" 'ﬁ---i--

A decade turning the possible into the known

particle mass (GeV)
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https://inspirehep.net/literature/1806929
https://inspirehep.net/literature/1815813
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HIGGS & CHARM QUARKS

Charm quarks harder to
individuate than muons.

* Exploit associated production with a
vector boson.

Candidate Z°(1111)+H°(cc) event.

A decade turning the possible into the known

CMS:
ATLAS:

X,

‘ 7/7;‘1.:. .

=
“ \

ATLAS

EXPERIMENT
Run: 309892
Event: 4866214607
2016-07-16 06:20:19 CEST

A. DAVID (CERN)


https://inspirehep.net/literature/2080007
https://inspirehep.net/literature/2020433
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HIGGS & CHARM QUARKS

Charm quarks harder to
individuate than muons.

Use advanced machine learning

techniques.

Sensitivity to H—cc < 10X SM.

- A testament to the ingenuity of
experimentalists.

* Beyond my 2017 expectations !

A decade turning the possible into the known
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https://inspirehep.net/literature/2080007
https://inspirehep.net/literature/2020433
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RARE LOOPS — Z+PHOTON

New particles can contribute
in quantum loops.

A decade turning the possible into the known

A. DAVID (CERN)
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RARE LOOPS — Z+PHOTON

New particles can contribute
in quantum loops.

Exploit different production modes to
tease out small signal.

Candidate qq+HO(

A decade turning the possible into the known

+y) event.

)

ATLAS:

CMS:

7

A. DAVID (CERN)


https://inspirehep.net/literature/2072831
https://inspirehep.net/literature/1795890
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DARK MATTER
CONNECTION? e

DARK
ENERGY

Dark Matter particles could
have mass from Brout-Englert-
Higgs mechanism.

DARK
MATTER

AND HIGGS ?

NORMAL MATTER
AND HIGGS

A decade turning the possible into the known A. DAVID (CERN)


https://chandra.harvard.edu/resources/illustrations/darkmatter.html

DARK MATTER
CONNECTION? e

DARK
ENERGY

Dark Matter particles could
have mass from Brout-Englert-
Higgs mechanism.

DARK
MATTER

AND HIGGS ?

NORMAL MATTER
AND HIGGS

A decade turning the possible into the known A. DAVID (CERN)
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DARK MATTER
CONNECTION?

Dark Matter particles could
have mass from Brout-Englert-
Higgs mechanism.

Search for invisible Higgs
decays (into DM particles).

—— el
S

A decade turning the possible into the known

ATLAS

EXPERIMENT

Run: 279984
Event: 237776402
2015-09-21 20:21:50 CEST

Event selected in
search for qg+H°(inv.).

Jet 1: p; =408 GeV

Jet 2: pr =301 GeV

lI' lil

/ l” lll
i

A. DAVID (CERN)


https://atlas.cern/updates/briefing/invisible-Higgs-search

ATLAS:

CMS:
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§ - . All limits at 90% CL Vs =8TeV, 20.3 fb" 7
CONNECTION? E — '-— s=13TeV, 139f6"  —
o c
s 108 —
E i
Dark Matter particles could ]
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https://inspirehep.net/literature/1826922
https://inspirehep.net/literature/2020585

The Higgs boson: one might not be enough, D. Lincoln (2011)
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OTHER HIGGS BOSONS

SM extensions easily

predict more Higgs Standard Model
bosons. Prediction

* SM s remarkably minimalist

this respect.

©

Higgs
Boson

MSSM Higgs Boson Predictions

o

A decade turning the possible into the known A. DAVID (CERN)


https://news.fnal.gov/2011/05/the-higgs-boson-one-might-not-be-enough/
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OTHER HIGGS BOSONS
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ATLAS: ATL-PHYS-PUB-2021-030

CMS: Summary of 2HDM+S searches at 13 TeV (Run 2 - 2016)
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https://inspirehep.net/literature/1920609
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

ATLAS: ATL-PHYS-PUB-2021-030
CMS: Summary of MSSM Higgs Boson searches at 13 TeV (Run 2)

OTHER HIGGS BOSONS
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SM extensions easily
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https://inspirehep.net/literature/1920609
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG

| MUCH PROGRESS SINCE 2017
PAIRING UP |
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Standard Model formula T-Shirt, visit.cern

| THE SHAPE OF THE
VACUUM

In the SM, the structure of the

is intimately
related to how the Higgs boson
interacts with... itself.
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https://visit.cern/content/standard_model_formula_t_shirt

Standard Model formula T-Shirt, visit.cern
Phys. Educ. 52 (2017) 034001

| THE SHAPE OF THE
VACUUM

In the SM, the structure of the

is intimately
related to how the Higgs boson
interacts with... itself.



https://visit.cern/content/standard_model_formula_t_shirt
https://inspirehep.net/literature/1520934
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HIGGS BOSON PAIR
PRODUCTION

In the SM, the structure of the
vacuum of the universe is intimately
related to how the Higgs boson
interacts with... itself.

To probe this phenomenon we can
study the production of Higgs boson
pairs.

A decade turning the possible into the known
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HIGGS BOSON PAIR
PRODUCTION

In the SM, the structure of the
vacuum of the universe is intimately

related to how the Higgs boson
interacts with... itself.

To probe this phenomenon we can
study the production of Higgs boson
pairs.

Higgs pairs are predicted to be
1000X rarer than single Higgs.

A decade turning the possible into the known

A. DAVID (CERN)



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

43 CMS 138 fb' (13 TeV)
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95% CL upper limit on HH signal strength iy


https://doi.org/10.1038/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050

HIGGS BOSON PAIRS

HH production searches allow to
probe other rare interactions.

E.g., the VVHH 4-particle interaction
seems to exist in nature.

" l.e., Koy = O excluded.

q

q
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https://doi.org/10.1038/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050

| 10 YEARS ON, WE'VE ONLY

—e— Observed s=7TeV,45fb’
------- Expected s=8TeV, 20.3 fg'
STARTED WITH THE H%(125 Scii e
[ 10'SM+3c s=8TeV, 203 fi'
— e Hoy
oo e
o 7 7 30F f
A fundamentally different kind of particle, a new 20} I I :
player in our team probing nature ‘Srl = N E
) o ™ H W gTE g
° -20F E
CMS and ATLAS have steadily accrued knowledge a0}

o R JP=0p JP=0" JP7=2* JP=2r JP=2+ JP=A2* JP=2*
about this Higgs boson.

= HO(125) remains compatible with SM predictions.

* Many more details in the afternoon session !

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

A decade turning the possible into the known A. DAVID (CERN)



| 10 YEARS ON, WE'VE ONLY
STARTED WITH THE H'(125)

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

CMS and ATLAS have steadily accrued knowledge
about this Higgs boson.

= HO(125) remains compatible with SM predictions.

* Many more results in the afternoon session |

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

A decade turning the possible into the known

Weighted Events / 2 GeV

Data - Bkg.

700

c  ATLAS "+ Data 3
600~ ({s=13TeV, 139 fb” ‘3’“" f’dL f 3
5002 H — up, In(1 + S/B) weighted :B:gg”apgf 3
400F- E
300E- E
200 E
100F- 3
2 ' i T u t + t +
bttty o L
T I R AR
-2 T
110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
138 fb™! (13 TeV)
@ {200 LT T T T T T
§ C CMS —4— Observed [ VH(H->bb) 7
w - i [Cvz@z—ce) [ wothey
5 1000 Prel/m/.nary B Single Top = ]
% [ Merged-jet ] wets ] zsjes :
B r All categories VH(HoCE), w77 55 B nainty |
%’ 800; S/(S+B) weighted [ ] cc), | % B uncertainty -
o L :
& 600~ 3
%) C ]
400— B
—— ]
200 A
_;'_'_'—‘_|—‘_:
—_—
O T
100- B subtracted |
503_ ......... _+_ _+_ i
0 e
0% ) 160 180 200

120 140

Higgs candidate mass [GeV]

A. DAVID (CERN)



CMS:

CMS
bb bb bb tt

| 10 YEARS ON, WE'VE ONLY
STARTED WITH THE H'(125)

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

Theory
o

—_
o
T IIIIIII|I"""| TTTTTI T IIIIIII| I

bb yy Combined

CMS and ATLAS have steadily accrued knowledge
about this Higgs boson.

= HO(125) remains compatible with SM predictions.

* Many more details in the afternoon session !

95% CL limit on o(pp — HH)/o
o

The coming decades are crucial to understand it and

. . .
make use of it in exploring nature. 1 . SM
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https://doi.org/10.1038/s41586-022-04892-x

A decade turning the possible into the known

THANK YOU !

...all who contributed to the

accelerator, theory, experiments,
and computing, and all
supporters of science.
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https://inspirehep.net/literature/2095822
https://inspirehep.net/literature/1940967
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HIGGS & MUONS

Exploit all production
modes.

Exquisitely small signal.

A decade turning the possible into the known

ATLAS: PLB 812 (2021) 135980
CMS: JHEP 01 (2021) 148
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https://inspirehep.net/literature/1806929
https://inspirehep.net/literature/1815813
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HIGGS & CHARM QUARKS

Charm quarks harder to
individuate than muons.

Use advanced machine learning

techniques.

* Charm identification in merged jets.

* Charm jet mass regression.

"/

p p p
e PP A,

A decade turning the possible into the known

h
CMS Experiment at the LHC, CERN
Data recorded: 2017-Aug-05 13:32:22.028928 GMT
Run / Event /LS: 300515 / 205888132 / 117
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. Merged charm
quark jets

V4

Candidate W(ev)+H°(cc) event.

Background efficiency
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https://inspirehep.net/literature/2080007
https://cms.cern/news/increased-confidence-higgs-boson-coupling-charm-quark
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HIGGS & CHARM QUARKS

Charm quarks harder to
individuate than muons.

Use advanced machine learning
techniques.

Sensitivity to H—cc < 10X SM.
* Beyond my 2017 expectations !

0 lepton
Exp.= 40 x SM

Obs.= 35 x SM

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

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

Combination
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CMS: arxiv:2204.12945

ATLAS: PLB 809 (2020) 135754

|
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https://inspirehep.net/literature/2072831
https://inspirehep.net/literature/1795890
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DARK MATTER
CONNECTION?

Dark Matter particles could
have mass from Brout-Englert-
Higgs mechanism.

Search for invisible Higgs
decays (into DM particles).

A decade turning the possible into the known

95% CL upper limiton ¢ x B(H— inv)/<5SM
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https://inspirehep.net/literature/2020585
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