’i\"’ \"l‘*l
- N
. -7 ‘[t 2 . 5

\M\w—a‘,»n#‘...} ;
)4/4'-\» PR, NI g Saioni >3
ot ‘f; /"/ ",'ﬂ*\q ~n»r\;,,.“'

,M j » S 7
- 2 Y. ~ "“’ 4-. /' 044"—“2'

2w N J/ﬁ-. /. "y “, .t..-.wm.».. AJ- Ve

AW s LW e SR -r”‘ ‘“ﬂﬂ o'o
, : {h\w ’ d 4:

"‘&ngl R

J&.,( )4 ¢4 f/'

'2_‘- I ) . ~

*"M MM: oy

.__"..
- ‘u\f"‘ o "% & "lﬁ -Jc'
v

-w*“*" Santerl--LaunIa (i
%l\l

f, ;;.x,.t,,.:.@ wf

.'"// t! &‘ ot

L =
fM"" ;.a. 3 f "'cr l
| Al t"’-(f,"'&v,"w i 4

o '-‘J’q"\'g .rw-q.

S R T4

'W"‘“ /“:‘/L ("K”'A“}ff gﬂ

o ~:/~""“‘-¢&

VB

).‘

\

Spatmol 2023 — Nordic Conference on Particle Physics — 6 January 2023

H mnuwuuuuwmunm.uum\ummumwvnuwmmmmm'\lliHHWl'

s R 4
m &“d"‘
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+ However, many of the shortcomings of the SM seem to be connected to the Higgs sector:

+ Hierarchy problem, fermion generations, C

P violation and baryogenesis (David's talk), dark matter...

+ Models aiming to address these issues often include an extended Higgs sector (e.g. all SUSY models)
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+ The Higgs discovery confirmed the existence of the predicted electroweak symmetry breaking mechanism,
and so far the experimental results from LHC are consistent with the SM Higgs boson (as detailed by Sara)

+ However, many of the shortcomings of the SM seem to be connected to the Higgs sector:
+ Hierarchy problem, fermion generations, CP violation and baryogenesis (David's talk), dark matter...
+ Models aiming to address these issues often include an extended Higgs sector (e.g. all SUSY models)

+ Key question: is the Higgs sector indeed minimal, unlike any other sector in SM, with only one
complex Higgs doublet — or is it more complex”?

+ The list of interesting BSM Higgs models is wide and would earn its own lecture series:
+ Singlet models: Additional neutral scalar bosons (e.g. DM), strong first-order phase transition
+ Doublet models: Additional neutral and charged scalar bosons, more CP violation, FCNCs
+ E.g. two-Higgs-doublet models (?2HDMSs) with 5 Higgs bosons: h, H, A, H+, H-
+ Doublet+singlet models to combine the nice features of both
+ Triplet models: Similar consequences to doublet models [no FCNCs| and a spectrum of new scalars
+ E.g. Georgi-Machacek: Two extra triplets — several neutral, charged and doubly-charged scalars
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+ Throwback to Spatind 2016:

Chorus:

BSM particles

Show us who you are

Stop hiding, start coupling
The energy 1s high

Gathering at Spatind

No need to wear a tie

Days they turn, more we learn
The energy 1s high
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From Early Run 2 to Early Run 3 2

+ Throwback to Spatind 2016: 2 " E T ATiAS Praimnam T
Chorus - - N owgeuntony it
BSM particles 102? (s =13 TeV, 3.2 b —;
Show us who you are At seven-hundred-fifty 3 E
Stop hiding, start coupling We indeed see a bump 1= PHE b -
The energy is high It’s time to ask the question B B B N O
Gathering at Spatind How significant? é se S
No need to wear a tie ; s i3 (ﬂ ! L
Days they turn, more we learn £ =il -
The energy is high g o E
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5 10 =
ChOruS .. E - —— Background-only fit -
BSM particles 10° (s=13TeV, 320" =
Show us who you are At seven-hundred-fifty °F E
Stop hiding, start coupling We indeed see a bump E PN 1 11
The energy 1s high It’s time to ask the question N L T~
Gathering at Spatind How significant? g s | e
No need to wear a tie g o # N ee 4 e
Days they turn, more we learn = Sl : i
" " 3 —155— =

The CHCIZY 1S hlgh B 200 400 600 800 1000 1200 1400 1600
m,, [GeV]

+ |n this talk, | aim to give an overview of where we stand with BSM Higgs searches at the LHC
+ Very wide topic, so | have hand-picked a bunch of recent results [in a completely personally biased way]

+ Recent advances and innovations in search methods are highlighted (lots of ML as explained by Thea)
+ Some (mild) current excesses are mentioned too
+ Let's remember the 750 GeV lesson and not jump to conclusions! >
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+ How to discover an extended
Iggs sector at the LHC?

+ "Do the Higgs trick again”
Searches for Hgswm with production
and decay processes similar to Hizs

+ "Do the Higgs trick, but this time with electric charge"
Searches for charged Higgs bosons

+ "Search as low as possible"
Searches for low-mass Heswm (or other light BSM particles) produced in Hi2s decays

+ "Search as high as possible"
Search for high-mass Hgeswm (or other heavy BSM particles) decaying to Hizos




= BSM Higgs at the="

+ How to discover an extended
Iggs sector at the LHC?

+ "Do the Higgs trick again”
Searches for Hgswm with production
and decay processes similar to Hizs

+ "Do the Higgs trick, but this time with electric charge"
Searches for charged Higgs bosons

+ "Search as low as possible"
Searches for low-mass Heswm (or other light BSM particles) produced in Hi2s decays

+ "Search as high as possible"
Search for high-mass Hgeswm (or other heavy BSM particles) decaying to Hizos

+ All these scenarios are constrained not excluded by the previous searches and the Hi2s measurements
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.~ Neutral Higgs Production & Decays

+ Just as for Hi2s, we need to consider several potential production modes:

gluon-gluon tusion,

, WH and W/,

..........
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+ Just as for Hi2s, we need to consider several potential production modes: e o« W
gluon-gluon fusion, , , N >W‘”W““f
"q:) 1__' L L L L g
S = ~ WW El;ﬁ B a g 1
S N bb ::>,’<: i HO
= i , :§ wé - tpememne-
|§10-1_ L // = _:§ Q, q 9 1
T — z
el z
n
0% E
T | z
10‘3
e z
| | ' |
1080 700 120 140 160 180 200

M, [GeV]

+ Branching fractions depend on the BSM scalar mass,
and often differently than in the SM!
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+ Just as for H125, we need to consider several potential production modes: rendreen_; q -
. H w
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+ Branching fractions depend on the BSM scalar mass,
and often differently than in the SM!
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+ Just as for Hi2s, we need to consider several potential production modes: svebron_; q i
. , K W
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ATLAS H—yy at low mass

+ First LHC search for generic low-mass yy resonances reaching below 65 GeV and down to 10 GeV

+ Select closely spaced photon pairs boosted against a jet, with pt(yy) > 50 GeV

+ Background modeling based on 5 14000F
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+ First LHC search for generic low-mass yy resonances reaching below 65 GeV and down to 10 GeV

+ Select closely spaced photon pairs boosted against a jet, with pt(yy) > 50 GeV
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+ Many possible production modes:
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<+ \Vector boson fusion
+ S-channel production

Top quark decays
Top associated production
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+ Many possible production modes:

+ Jop quark decays
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+ Many possible production modes:

+ Jop quark decays

+ Top associated production

<+ \Vector boson fusion
+ S-channel production

+ And various decay channels:
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AS and CMS have

wide search programs
to cover ~all of this

+ For today, two recent
examples suffice
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CMs,

H125—XBsmXBsm experimental summary 2

NS

+ Thanks to the small total width of Hi2s, it could have notable branching fraction to even very weakly
coupled BSM particles, e.g.

+ One extra singlet coupling to Hi25 would generate Hi2s—hessmhesm—XXYY decays
+ Models with axion-like particles typically contain Hi2s—aa decays to CP-odd BSM scalars a

+ Very active and diverse search program at the LHC
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LAS has introduced a dedicated

DNN tagger for merged digluon jets
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CMS Boosted H—Xgsmxssm—4y o] ()

+ Targets very low masses (0.1-1.2 GeV) with a highly boosted signature
+ hesm—YY decay reconstructed as one merged diphoton object in ECAL

+ End-to-end ML reconstruction: DNN trained on ECAL energy
deposits to estimate diphoton invariant mass

+ Signal extraction with 2D mass templates

+ Background estimation from sidebands — sideband statistics limit sensitivity
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CMS Boosted H—xgsmxesm—4y
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+ Targets very low masses (0.1-1.2 GeV) with a highly boosted signature

+ hesm—VY decay reconstructed as one merged diphoton object in

+ End-to-end ML reconstruction:
deposits to estimate diphoton invariant mass
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+ Background estimation from sidebands — sideband statistics limit sensitivity
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CMS Boosted H—xgsmxesm—4y

+ Targets very low masses (0.1-1.2 GeV) with a highly boosted signature

+ hesm—YY decay reconstructed as one merged diphoton object in ECAL

+ End-to-end ML reconstruction:

DNN trained on

deposits to estimate diphoton invariant mass

+ Signal extraction with 2D mass templates
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+ Background estimation from sidebands — sideband statistics limit sensitivity
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+ ATLAS combined limit has 3o (20) global (local)
excess around 1.1 TeV, not confirmed by CMS
.,. has a 30 (20) excess around 1.0 TeV 20
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+ ATLAS combined limit has 3o (20) global (local)
excess around 1.1 TeV, not confirmed by CMS
'x~ has a 30 (20) excess around 1.0 TeV

+ Merged-jet bbbb channel has a recent
improvement by a factor of ~2 thanks to
graph neural network based jet tagging



- CMS Hgspy—H125hBsM

CE/RW
\

+ Hesm = Hi2shesv can be the dominant production process for hesm €.9.
N 2ZHDM+singlet models and in two-real-scalar-singlet models
+ CMS has recently preformed the first LHC searches for this process, MSSM (2HDM)

targeting different Hi25 decay modes :
* Hyos(bb)hesm(OD) [ andivoz04 12415 |
+ Hi25(tT)hesm(bb) | axiv:2106.10861 |

+ Hios(yy)hesm(bb) [cms-Pas-HIG-21-011]

, — NMSSM
H,hg, H, A A H (2HDM+5S)
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+ Hesv = Hi2shesv can be the dominant production process for hesm €.9.
N 2ZHDM+singlet models and in two-real-scalar-singlet models

+ CMS has recently preformed the first LHC searches for this process,
targeting different Hi25 decay modes :

* Hios(ob)hesm(DD) [ anv2204. 12413 ]
+ Hi25(tT)hesm(bb) | axiv:2106.10861 |

+ Hios(yy)hesm(bb) [cms-Pas-HIG-21-011]
+ The yybb channel has a local (global) excess of 3.80 (2.806) at m(Hgsw)=650 GeV, m(hesm)=90 GeV
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+ Hesv = Hi2shesv can be the dominant production process for hesm €.9.
N 2ZHDM+singlet models and in two-real-scalar-singlet models

+ CMS has recently preformed the first LHC searches for this process,
targeting different Hi25 decay modes :

* Hyos(bb)hesm(OD) [ andivoz04 12415 |
+ Hi25(tT)hesm(bb) | axiv:2106.10861 |

+ Hios(yy)hesm(bb) [cms-Pas-HIG-21-011]
+ The yybb channel has a local (global) excess of 3.80 (2.806) at m(Hgsw)=650 GeV, m(hesm)=90 GeV
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ATLAS X—YH125 anomaly search

| ATL-PHYS-PUB-2020-019 | CE/RW

NS

+ Search for a heavy resonance Y (mass 1.5-6
and a new particle X (mass 65-3000 GeV), bo

TeV), decaying to H(bb)
h reconstructed as large-radius jets

+ First application of fully unsupervised ML in an ATLAS analysis

+ Training on unlabeled jets, no particular signal hypothesis

+ Jets modeled as seqguences of constituent four-vectors

+ Variational autoencoder used to define an anomaly score for each |et
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% ATLAS X—YH125 anomaly search  E=em=m ()
+ Search for a heavy resonance Y (mass 1.5-6 TeV), decaying to H(bb) X
and a new particle X (mass 65-3000 GeV), both reconstructed as large-radius jets W{/ﬁ
. Y b
+ First application of fully unsupervised ML in an ATLAS analysis ’
+ Training on unlabeled jets, no particular signal hypothesis H s
+ Jets modeled as sequences of constituent four-vectors
+ Variational autoencoder used to define an anomaly score for each jet b

+ Requiring anomaly score >0.5 leads to S/B enhancement by ~28% £ g™ T T T T
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Putting pieces together: 2HDM

| ATLAS-CONF-2021-052|

] gg/bb H/A, H/A — 17

139 fb™
Phys. Rev. Lett. 125 (2020) 051801

t(b) H, H* — tv, 36.1 fb”’

JHEP 09 (2018) 139

[ b(b) H/A, H/A — bb

27.8 fb
Phys. Rev. D 102 (2020) 032004
| H - ZZ — 4l/livv, 139 fb™

Eur. Phys. J. C 81 (2021) 332
A — Zh, h — bb, 139 fb
arXiv:2207.00230

| t(b) H', H" — tb, 139 fb™"

JHEP 06 (2021) 145

| H > WW — viv, 36.1 fb
Eur. Phys. J. C 78 (2018) 24

I H — hh — 4b/bbyy/bbrr

126 - 139 fb™
ATLAS-CONF-2021-052

=== h couplings [k, K, K]

36.1-79.8 fo
Phys. Rev. D 101 (2020) 012002
| ttH/A, H/A — tt, 139 fb™

1000 2000
m, [GeV]

ATLAS-CONF-2022-008

+ Neutral and charged Higgs boson searches in various

production and decay
measurements complement each other

odes and H125 precision
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+ Neutral and charged Higgs boson searches in various
oroduction and decay modes and H12s precision
measurements complement each other
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— Putting pieces together: Triplet models =2

March 2022 | ATL-PHYS-PUB-2022-008 |
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+ Triple Higgs production via Hgswm i

motivated by e.g. singlet or doublet models
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+ There could be beautiful mountains in the horizon for us to observe, Beyond the Standard Mountain
+ Experimentally, skiing around the area has so far not revealed any evidence of these BSM mountains

+ We set stronger and stronger exclusion limits, ruling out larger areas of our maps
+ We keep improving our skiing techniques, and there is no shortage of possible trails
+ Most importantly, skiing can be lots of fun, and we learn a lot about the world along the way! 28




