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Heat Exchanger Pipe 3 / 62
Beam Pipe

Superconducting Cois Super-conducting magnets operated with Helium
at 1.9 K (colder than space!)

Helium-Il Vessel

Vacuum in the beam pipe at 10™"° atm

Superconducting Bus-Bar

ronoke Protons accelerated to 99.999991% of the speed of light

Non-Magnetic Collars
Vacuum Vessel

Radiation Screen

V4 _ 10" protons per bunch,
Thermalsheld ~2800 bunches per beam
The

;;ingaryw LER LRGNV 40 M bunch crossings per second
w LHC cryodipole

: Instrumentation
ProtnaDciggg Feed Throughs

protons

partons
(quarks, gluons)



The ATLAS Detector

82 ft
25m

--------
.......

144 ft  44m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Rich physics program:

Semiconductor tracker

- Precise Standard Model measurements (EW, top, QCD, ...)
- Study of the electroweak symmetry breaking
- Searches for new physics (new resonances, dark matter, ...)
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LHC Schedule

Today

LHC

HL-LHC

B - oot
Diodes Consolidation
splice consolidation limit LIU Installati 4
7TeV TeV ﬂ button collimators interaction neeiEten inner triplet . HL LH.C
R2E project reglons radiation limit installation
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ATLAS - CMS 5to 7.5 x nominal Lurﬂi_=

experiment
beam pipes

nominal Lumi 2 x nominal Lumi

—

75% nominal Lumi

EXd

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY

upgrade phase 1 ATLAS - CMS /
ALICE - LHCb 2 x nominal Lumi HL upgrade
upgrade
m integrated JEANUYRI
luminosity JENDOIE 3

PROTOTYPES

Run1: 25/fb usable data at 7-8 TeV
Run2: 140/fb usable data at 13 TeV

Run3: Expect to take ~250/fb of data at 13.6 TeV

HL-LHC: 3-4/ab at 13.6-14 TeV

/

CONSTRUCTION | INSTALLATION & ComM. ||

> ~10% of the total LHC dataset

J \.

~ ~90% of the total LHC dataset

PHYSICS



8/62

ATLAS

EXPERIMENT

5" July 2022
13.6 TeV

Run: 427394

= P
\ \ }é Event: 3038977 :
_ -- 2022-07-05 17:02:31 CEST
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#CPGroups
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Motivation for BSM Higgs Searches

Inflation
Dark matter

Grand Unified Theory Neutrino Masses

Gravity

Matter-antimatter asymmetry
Higgs mass fine tuning

SM Parameters _Q_ ------

Dark Energy

The Standard Model is not the final answer in physics, but it is a part of a greater theory
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BSM Higgs Models

* Interesting are those models, that have an extended Higgs sector, to which we are sensitive
» Typically we explore models that extend the SM in a minimal way, ie. less model parameters

_|_
SM Higgs field: SU(2) doublet: ® = ( ¢ ) One scalar (125 GeV Higgs)

¢O
SM + real singlet 2 scalars: h, H
SM + complex singlet 3 scalars:h, h, h,
+ + : -
Two Higgs Doublet Model: ¢1 = ( ¢% ) , (2= ( (b% ) o scalars: h, H, A, H', H
1 2 tanp = vev /vev,
MSSM (Minimal Supersymmetric extension of the SM): A type-Il 2HDM, with SUSY
Type | Type I Lepton Specific Flipped
vop e u = > S (S. Semlali)
d d f d f d f .oemiall
couples to all couples to quarks couples to couples to quarks
@, couples to Down quarks @D, couples to leptons and
and leptons @, couples to Down quarks
NMSSM, 2HDM+S: 7 scalars:h,H,H,A A H H

Georgi-Machacek (1 doublet+2 triplets): 10 scalars: h,H ,H,,H H S H H" H H"™ H"

5
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LHC Higgs Working Group —EHC—
Group founded 2010 to bring together theorists and LHC H Iggs

experimentalists, to: Working Group

« produce agreement on cross sections, BR and pseudo observables relevant for SM
and BSM Higgs bosons
 provide the experimental collaborations with information in various forms (twikis, reports, ...)
« Overall twiki: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
« Last week: 19th Workshop of the LHCHWG https://indico.cern.ch/event/1169286/

WG3 (BSM Higgs) currently has 5 subgroups, everyone is invited to join egroups, come to the
meetings and collaborate:

« MSSM

« NMSSM

« Extended Higgs Sector

« Exotic Higgs decays

* bbH

WG3 Twiki: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG3

WG3 mailing list: Ihc-higgs-bsm@cern.ch


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
https://indico.cern.ch/event/1169286/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG3
mailto:lhc-higgs-bsm@cern.ch

Direct searches for BSM associated to the Higgs boson e

High mass states
Typically “high-pT” signatures

- >

m
« Additional (light) Higgs states 195 GeV « Additional (heavy) Higgs states
« BSM Higgs decays and couplings - : - neutral or charged
- light resonances - decays to SM particles,
- enhanced rare decays or new scalars (ie. cascades)
- flavor violating couplings - invisible decays

- long lived particles
- invisible decays

These efforts are complementary to measurements of Higgs boson properties
(spin, CP, couplings, decay rates, total width, ...) to search for deviations from the SM
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Searches for additional (heavy) Higgs

A/H — 11 arXiv:2002.12223 139/fb
A/H — up arXiv:1901.08144 36/fb
(b)A/H — (b)bb arXiv:1907.02749 28/fb

A/H — ttbar arXiv:1707.06025 8 TeV, 20/fb
ttH, A/H — ttbar arXiv:2211.01136 139/fb
H— ZZ — 4l or llvv arXiv:1907.02749 139/fb
X — VV (Semileptonic) arXiv:2004.14636 139/fb
X — VV (All-hadronic) arXiv:2004.14636 139/fb
H— WW (evuv) ATLAS-CONF-2022-066 139/fb
VH, H - VV — 2 leptons arXiv:2211.02617 139/fb
Heavy H — yy arXiv:2102.13405 139/fb
Intermediate H — yy ATLAS-CONF-2018-025 80/fb
Light H — yy arXiv:2211.04172 138/fb
H— Vy ATLAS-CONF-2021-041 139/fb
A — Zh (125) arXiv:2207.00230 139/fb
A— ZH or H — ZA (not 125) arXiv:2011.05639 139/fb

(Heavy) H — invisible arXiv:2202.07953 139/fb


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-46/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-04/
https://arxiv.org/abs/2211.01136
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-066/
https://arxiv.org/abs/2211.02617
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-27/
https://cds.cern.ch/record/2628760
https://arxiv.org/abs/2211.04172
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-041
https://arxiv.org/abs/2207.00230
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-13/
https://arxiv.org/abs/2202.07953

Searches for additional (heavy) Higgs
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ggF H — hh — 4b arXiv:2202.07288 139/fb
VBF H — hh — 4b arXiv:2001.05178 126/fb
H — hh — bbtr arXiv:2209.10910 139/fb
Boosted H — hh — bbrtr arXiv:2007.14811 139/fb
H — hh — bbyy arXiv:2112.11876 139/fb

H — hh — bbWW arXiv:1811.04671 36/fb
H — hh/ss — 4W arXiv:1811.11028 36/fb
H — hh — WWyy arXiv:1807.08567 36/fb
H — hh Combination arXiv:1906.02025 36/fb
H" — WA ATLAS-CONF-2021-047 139/fb

H" — cb ATLAS-CONF-2021-037 139/tb

H" — cs arXiv:1302.3694 5/fb, 7 TeV

H" — tb arXiv:2102.10076 139/fb

H" - tv arXiv:1807.07915 36/fb

H" — WZ arXiv:1806.01532 36/fb

H™ — WW arXiv:2101.11961 139/fb

H™ — I

arXiv:2211.07505

139/fb


https://arxiv.org/abs/2202.07288
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://arxiv.org/abs/2209.10910
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-22/
https://arxiv.org/abs/2112.11876
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-037/
https://arxiv.org/abs/1302.3694
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-51/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-06/
https://arxiv.org/abs/2211.07505
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g b Flagship for high tanpp MSSM Higgs
cees =hJAJH * Enhanced cross section for
b-associated production
g g * Enhanced decay to 1 leptons
_ o (can reach ~10%)
Gluon fusion bbH production in the SM

mostly negligible

 B-tag and b-veto categories
to target gluon-fusion and
b-associated production
(70% b-tagger efficiency)

acceptance x efficiency (A x €)
acceptance x efficiency (A x ¢€)

» Gluon-fusion signal . 1073 4
populates mostly the b-veto i ATLAS Simulation ] ATLAS Simulation ]
. . _ @i gluon-gluon fusion 7 _ b-associated production ]
CategorleS, but huge fraction 10 4§_ 4& (5-13 TeV, 139 10" E 10 4§_ B fo=13 ToV, 139 1" =
. . C : =+ b-veto 1, T, C = D-Velo 7, T, .4
of b-associated signal makes of = buelo ol = buelo
it also to the b-veto categories 10 F | 0 - o0 :
L A = b-tag 1,7, ] L = b-tag 7,7, =
10—6|11|||||||||||||||||||||||||1 10—6|||||||||‘||||||||||1||1|||||
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

* 1 decay channels:
lep-had, had-had My [GeV] My [GeV]
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A/H — 1t

T ' ' T T T T % E T T ' ' '1 T | E
E 10° ATLAS (s =13 TeV, 139 fb’ O L ATLAS [s=13TeV, 1391 _
2 4050 TiepThaa DVelO o Data 2 = TiopThaa D139 o Data =
: 3 e e e 2 0 ol o0 e WU r e 2
Cut_based SeleCt|0n, L 10 sxxrs A/H (1500100, tan p=25 %l\él/u;tljit” 102 =rees A/H (1500)<100, tan =25 %'\ZA/U](;;;TT E:
1 H Top quarks g O zZly =l 3
optimized separately for Sohes b A
lep-had and had-had E
i .:-. - - - Sams | 1 0—1 —E ..............
Main backgrounds: :
- jets faking 1, estimated from . E | -
data in CRs (multijet, W+jet) s T | s g |
. ) ) ) 3 : Y ; 1 Z;// //’/////////////U///////I////////WM
- ttbar normalisation constrained & 0;:_ "/‘%W%%//% § 000 | %%/////%
by tOp CR included in the fit 5060 100 500 300400 3000 1800 5060 100 200 300 400 1000 1500
m¥' [GeV]

tot [GEV]

-Z — 1t from MC > ——————— > . —
G  10*t ATLAS (s=13TeV, 139 fb S ATLAS Vs =13 TeV, 139 fb
P ThadThag D-Veto e Data 2 ThadThag O-tag e Data
. . . g 10 T s AVH (400), tanp=6 [ Multijet o sxxs A/H (400), tan =6 [ Top quarks
Lead I n u n Ce r'tal ntl eS " > mexm A/H (1000)<100, tanp=12 [ Z/y*—717 Lﬁ meoem A/H (1000)<100, tanp=12 [_JMultijet
g ' - 2 wexes A/H (1500100, tanp=25 [ W—1Vv wxxe A/H (1500)<100, tanp=25 [ Z/y =77
10 [JTop quarks B Wty

B hadronic T ID efﬁCienCy 10 I7_7A|8:1r::?er§ainty I//_Zlat’]r::eerr?ainty
- T energy scale 1 i
- Background model TN

028§ | |
Final discriminant: 107 '

transverse mass m_ oF — | M/
W R L el /(///t/////////////// 5 %/ / %// % // I / %
e § ) b

EIIllSS 2 + + Emiss 2
\/(pT z T s ) (pT pT T ) 150 200 300 400 500 1000 1500 150 300 400 500 600 1000

fot
me' [GeV] mit [GeV]

Obs. / exp.

Obs. / exp.
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A/H — 1t

1 O -:- T T | T T T T I I T T T | T T T I T T T T E 1 O E T T | T T T T | T T I T | I T T T I T T T E
o) - ATLAS Vs=13 TeV, 139 b’ 7 a - ATLAS (s=13 TeV, 139 fo’’ s
Q t(b — 11, 95% CL limits = Q -0 — 11, 95% CL limits -
= i\ gluon-gluon fusion —— Observed i E \Lb-associated production _e— Opserved I
$ 1;_ v e Expected  : 1 12 """ Expected 3
= i\ +106 i Py i +1o i
) . +20 I\ £20 y
é 10'1; — = TiopThad (EXP.) = é 10"1§ \ — = TiopThag (EXP-) 3
f — ThagThad (EXP-) » —~ ThagThad (EXP-) 7
B S — ATLAS 36 fb' B N ATLAS 36 fb'-
10°F E 107 3
1 0—3 . TS 1 0—3 = ...“::::':‘T:"—-'-'-"-._- ——d
- | | I | 1 | | I | | | 1 | | | 1 | | | | 1 | - | | | | | 1 1 I | | 1 | | | | | | | 1 | | | =

500 1000 1500 2000 2500 500 1000 1500 2000 2500
m, [GeV] m, [GeV]

- Moderate excess observed around 400-500 GeV for both production modes
- Local significance 2.9c at 500 GeV for ggF, 2.7c for bbA at 400 GeV
- Global significance 1.9¢



A/H — 1t
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bbA and ggF combined according to model predictions
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2000
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C ATLAS {s=13TeV, 139 fo” .
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- H/A — 11, 95% CL limits .
60: —— Observed ]
E s Expected ]
50:_ t1c E
C t20 ]
40:_ I Not applicable E
30 .
201 =
10F 7 =

| 1 1 1 1 | 1

1 1 1 I 1 1 1 1 | 1 1

500 1000 1500

2000

m, [GeV]

T T T | 1 T T I T T T T T

o[ ATLAS s=13 TeV, 139 fb™'
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. H/A = 11, 95% CL limits
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20
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151 1o |
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: g :
5 __ ____________ __

| 1 | I 1 1 | Il
200 400 600 800

1000
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Predictions from LHCHWG
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Leading channel in the MSSM
Strong high tanf} exclusions

Excess weakens limits

H and A mass degenerate

(except in blue corner)



bbA and ggF combined accordlng to model predictions

f‘lH — 1T

: ATLAS \F_13 TeV 139 fb1

702_ M?® scenario

- H/A — 11, 95% CL limits

+—

602 — Observed
Heavy SUSY (>1 TeV) =
Higgs only decays to SM E
particles
'dU:— -
20 =
105 =
;—\“ L | | | | | | | | | | | | | | | | |
500 1000 1500 2000
m, [GeV]
m_ T T { T T T T I T T T T ] T T T T I T _—
3 80F AtLaS (5=13 Tev, 139 16" i

70k My (%) scenario
- H/A — 11, 95% CL limits

60F

T —— Observed
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Reduced BR of A/H to tt

302
20"
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1000
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1500
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2000
m, [GeV]

% 807 T T [ T T T T T | T |;
& [ ATLAS Vs= 13TeV 139fb‘ i

70: hMSSM scenario
- H/A = 11, 95% CL limits

60
MSSM approximation
Valid at low tanf3
SUSY corrections fixed
to get mH=125 GeV

o
""""
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o* =
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----------
s

I 1 1
500

Ih | 1 1 1 1 :
1500 2000
m, [GeV]

[ R T
1000

0| S B I A B
I ATLAS Vs=13 TeV, 139 fo
M.*(x) scenario

H/A — 11, 95% CL limits

Light chargino/
neutralinos
Reduced BR
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E %
- ..
.
a2 B
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20 23
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-2

10F 7 =

1 | | 1 1 :
2000
m, [GeV]

1 1 I 1 1
1500

1 1 | 1 1
1000

| 1 1
500

21162

@_ N T T T | T T T T T T T ]
5 o5l ATLAS (s=13 TeV, 139fb1 B
- M!®(alignment) scenario .
. H/A = 11, 95% CL limits

nnnnnnnn

h has SM like couplings g
A/H don't get heavy (<1 TeV) -

- S 'NOL dpplcaoie

-7

10F

| | 1 | | ]
800 1000
m, [GeV]

| I 1 1
200 600

Predictions from LHCHWG

Leading channel in the MSSM
Strong high tanf} exclusions

Excess weakens limits

H and A mass degenerate
(except in blue corner)
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A/H/h — 1t in CMS

e CMS 138 b (13 TeV)
ET T | |

138 fb™' (13 TeV)

T
—e— QObserved

T T T |
—e— (Observed

_CMS
107 7 E
102 f -------- Expected 7
- I 68% expected
E 95% expected E

102 _ -------- Expected _;
- I 68% expected :
|:| 95% expected E

95% CL limit on o(ggd)B(0—17) (pb)

95% CL limit on o(bbd)B(0—171) (pb)

1072 ¢ 10
10° ¢ 107 =
- Low-mass High-mass - Low-mass High-mass
—4 Lo | | | | R ! —4 Lo | | | | oo 1
10 70 100 200 300 1000 2000 10 70 100 200 300 1000 2000
m, (GeV) m, (GeV)

CMS starts at 60 GeV. Like ATLAS, categorizes events in ,btag” and ,no-btag".
Dedicated low mass optimisation (m,<250 GeV), extra categories based on p_™.

400 GeV excess not confirmed,
But two excesses of each ~3c (locally) in ggF signal at 100 GeV, and 1200 GeV
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A — pp
* Targets the same models as A — 11, has the same enhancement of bbA production and decay
 Much smaller decay rates, but easy mass reconstruction and a smoothly falling background
e Similar analysis strategy: Separating events into b-veto and b-tag categories

« Generic dilepton bump searches typically are not sensitive to the MSSM, as no b-tag is applied
« ATLAS and CMS results onIy with partial run-2 dataset

i) TATLAS ] R o i , | : — | — 35.9 o' (13 TeV)
G 10°E Vs=13TeV, 36,1 fp! | ZHets(LF) —Dbaa = _ CMS Diowened  Emeto
= (6] . Z+iets(HF) T | Uncertainty © -==-=Xpedie £+ 20
T S%Hr%g Hets( S - hMSSM scenario
ft I:lbbcb(ZOO) —l C
3
10 - Single top [_]pb® (480)
102 T Diboson  [_]pbe (1000)
1
» 102k Vs=13TeV, 36.1 fb”’
@10 i e - b-associated production
= 1.2 SRbTag
© ---o-- SRbVeto
g 0.8 < I |"'“"“"“"1“'“SBDI@Q‘?‘S“R‘D‘\‘/'@IQ]‘SQ F | | | | | | | |
| L1 1 | L1 1 | | — 1 1 [ A AN N N NN TN T T T s S S A v
200400600 "800 1000 12001400  '© 200 400 600 800 1000 150" 2007250 200" 350 400 450500 £
A
m,,, [GeV] m,, [GeV]

ATLAS has 2.3c local excess at 480 GeV for b-associated production
Global significance is 0.6



A/H — tt 24102

Another flagship channel, but it is much more difficult.
Any Higgs that is produced through ggF will also decay to ttbar, if it is heavy enough (~400 GeV)

Decays to ttbar are dominant for many models, such as MSSM at low tanp.

g g t
Signal gg — A/H — tt and background gg — tt interfere, . t
and impact is strong, and it depends on the theory parameters. b b
Need to generate S and | terms for each parameter value. . -, E

3 ' '
> 29 AR AGARREERAE A 7 = e - Vs =8TeV, 20.3 fb~1, all limits at 95% CL
© oF . imulati ] E mm S imuls 3
10F 5 ATLAS Simulation 4 2 [E ATLAS Simulation 3 i
g of S+l \s=8TeV,20.3 fb 3 g SF — S+ \s =8 TeV, 203 fb” Obs. ==== Exp.+1c/20 e Signal Samples
T o6 - Parton level; before selection §  — 4E Parton level; before selection
w CF m, =500 GeV, tanp=040 § 5 3F m,, = 500 GeV, tanB = 0.70 - 2 . 0
c 4 1 € 2 3
> 2F 4 > 4E 3
L - ] Ll - E
OF OF 3 1.5
2 :
_4 S B B P P _2 ; -------------------------- ._; Q _1 0
300 400 500 600 700 800 300 400 500 600 700 800

Search for a peak+dip structure, instead of a

simple signal bump. 0.5 1 1
ATLAS pl_onee_red this search at 8 TeV, 500 550 600 650 700 750
update still being worked on. ma = my [GeV]

p— ® L




_ XIOECMS Supplementary [ +jets channel _35.9 fb~! (13 TeV) 25 / 62
A/H — tt at CMS ULE  postit
. . . . 2ol e ww | < Signal flat
« Single-lepton and di-lepton final states considered ol T | ttbar peaks towards 1
« Single-lepton channel: tt mass fully reconstructed with . - t - biy
. . . . . — — tt rest frame
a likelihood technique that chooses the combination SR -~ laboratory frame
of objects most consistent with a top decay. 1 | | _
g } : | t
|cos0*| used for signal-background discrimination — = s -amsernim s ’ ! " bag

|cos 6y, |

Moderate excess at 400 GeV (1.9c global), which however is right at the edge of the acceptance
It would be strange to have a real signal in both ttbar and tt at the same mass.

-1
CMS e+jetschantel 35.9 fb~1 (13 Tev) 5 CMS 35.9 b7 (13 TeV)
?g 400 ¢ ;'. 0 < |cos 6, | < 0.4 0.4 < |cos6,| < 0.6 0.6 < |cos6, | < 0.75 0.75 < |cos8; | < 0.9 0.9<[cosf| <1 ] o~ - 95% dL excldsion: | | | 1
7 20F t Data c [ Observed 95% expected
5 3004t 2D fiti v s .
o IT IN mtt, COS = Singletop ] | Expected 68% expected
O ooeob ! W, Z, W, tiv ] a
| . BEE QCD multijet ] i
200fF ¢ v, Post-fit unc. ] .
' ' oy ."", oo ne ] i hMSSM
150 F . B ) 1 - . :
s e ., - ' . 1 3j _
100 F

-._.-ql-r-—._._:‘.’...?:.o. 'F-'-'P'i—i——-—ll..'

| Highest
1 sensitivity
1 at low tanp

[}} l[{
]}

oG T000 500 780 T000 500740 T000 500756 1000 560 780 Tooo~ 400 450 500 550 600 650 700
my [GeV] ma [GeV]

Data — SM

17




ttH/A, H/A — tt 26 / 62

- ttH channel offers a nice, simpler opportunity to search for A/H — tt

- Interference with SM 4tops exists, and it impacts cross section of
up to 20%, but kinematics are not affected

Sensitive to type-1l 2HDM:

*> normalised to total background

Signal-enriched

i - ATLAS ¢ Data .- mH=400 GeV *

. [ . ; ne s= e , _1 —-=mH= e % -- B — 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 I I I
baseline selection: £ B“SM“ijs"S;;”fjb Dt@\,?,;g%?‘; v :g:,‘\,EW :E | ATLAS —e— Observed limit .
- 2 (SS) or >3 leptons I v Tomeo . Evecom. - T pEimTeV 0T Expected limit E

. = owm,. e 3 C ops ]

- at least 6 jets = mr” momes ] < T P Bz -

- at least 2 of them b-tagged : = o - .

10° 2 CRIowBDT  BSM SR

= H > 500 GeV 2 40W B 31 107" — —

T < F ]

10 I C ]

2 BDTs: | Lol :
(1) Discriminates SM 4tops 5,

from other backgrounds

A
o.

(2) Discriminates signal
from all backgrounds

Data / Bkg.

%.1 02 04 07 08 09 "1 0.4 05 06 0.7 08 0.9 1
SM BDT m,, [TeV]
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ATLAS

EXPERIMENT

Run: 331697
Event: 493073023
2017-08-03 14:40:15 CEST

‘ ttH/A — 4t candidate event
with electron-muon pair,
8 jets, 4 of them b-tagged



Heavy H — vy

This channel was the source for great hope some time ago,

when an excess was found at 750 GeV
Here: Updated search with the full run-2 dataset

Selecting events with tightly identified and isolated photons

E_requirements on the photons relative to the m value:
E_>0.3"m , E__>0.25"m
T Ty T,2

Y

Largest background is diphoton continuum, also yj and jj

Background template built from simulation (Sherpa) of yy
plus data-driven yj, then fit with analytical function:

f(x;b,ao,m) _ N(l _x1/3)bxa()+a110g(x)

Largest excess (very narrow) found at 684 GeV (1.3c global)

> UL S L B B B L B L B B L N
o) - ATLAS 4 Data
G105 -1
© 10 B Vs=13TeV, 139 fb Background-only fit j;
5 10% _E -------- Generic NW signal at 0.4 TeV E_
-g = S — Generic NW signalat 1 TeV 3
G103 _E -------- Generic NW signal at 2 TeV E_
102 =
10% é
'e
© 4 e I
s op FU
2@**#%% " w WW "
o
4200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
m,, [GeV]
ATLAS Vs =13 TeV, 139 fb Spin-0
<10 )
O
£ 3 O
~ ]
< 8 3]
~ =
2.5 =
e
wn
6 2 =
(&)
o
1.5 -
4
1
2
0.5
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ATLAS

EXPERIMENT
Run: 349014
Event: 957178176
2018-04-27 01:31:54 CEST

Event with highest mass

myy = 2.36 TeV, ET1 =1.1TeV, ETZ: 0.7 TeVo

b
B

A




- Diphoton trigger with E_>20-22 GeV

« Cuton p_yy > 50 GeV to reduce background

sculpting effects due to trigger turn-on

Events/ GeV

« Background model is the sum of a turn-on function
and a smoothly falling function form > 30 GeV

180F
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120
100
80
60
40
20
0

><1I 0I3l T 1 1 l T 1T 1T 1 | T

- ATLAS

— Vs=13TeV, 138 fb™

C  E;>22GeV, Tight and isolated yy
p?’ >0 GeV

- pf > 10 GeV
p? > 30 GeV

- p_yrY > 50 GeV
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IIIIII

;
£
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*l»

.&II|III|III|III|III|III|III|

IIlIIlIlIlIIllIII

“wuh
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« Largest excess at 19.4 GeV.
3.1c local, 1.5c global significance
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-~ Data
— Background-only fit

ATLAS

Vs =13 TeV, 138 fb'
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4
[ T m———
“9 26 43 60 77
[GeV]
K 1 e T L L
- ATLAS — Observed CL, limit
25 Vs=13TeV, 138"  _. Expected CL, limit
E Expected+ 1o
20F

Expected+ 2 ¢
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Intermediate H — yy

> = AR RERERERERE BLEE =
) o G
0, — ATLAS Preliminary UU categor =
Search range: 65 — 110 GeV, = 500005~ {s- 13 Tev, 01" e Daa | —
80/fb (partial run-2 dataset), update in the works! 5 LW, Ko o
LU B CU category ]
Difficult due to Z — ee background (both electrons 40000 — L DY i —
misidentified as photons), and trigger turn-on effects g o Cominam coneertof ot
. . : -“""1,.‘ = Ao Data :
Categorized by photon conversion status [ ContinuumsDY fit =
. . 30000 .-0-_,_ ------- Continuum component of the fit
(impacts eg. mass resolution) - 1
Z — ee background shape described as double sided 20000 s
Crystal ball, parameters estimated from ee data, electrons - 5
are corrected for energy loss due to bremsstrahlung - =
i Lo =
10000 — e
o) = L L I EL L L L B =
= 220" A71AS Preliminary — Observed - E
- 200 (s-13Tev,80f7 e Expected E N
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c\z 60F E T 00 | ’ £
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CMS Intermediate H — vy

e Search range: 80 — 110 GeV, combination of 20/fb (8 TeV) and 36/fb (13 TeV)

 MVA classifier used to separate signal and diphoton continuum background,
categorizing events into 4 (3) classes for 8 (13) TeV

« Shape of the misidentified Z — ee background described with a double sided Crystal ball
function, parameters fixed using MC

- CMS 35.9fb™ (13 TeV) 1 6CMS 19.7 o' (8 TeV) + 35.9 fb™' (13 TeV)
3 I""I""I""I""I""_E = e L L L L B A I B
8 TeV data: © iigggf— Class 1 ¢ Data E ;w - H— vy — Observed
Largest excess at 97.7 GeV £ o 15 Bl exoccted + 15
(2(5 |Oca|) it 160002_ 1T 4o = Expected + 26 _]
14000 — - = =L .
12000 = 5 o C
13 TeV data: e 1z
- 8000 = 94 0 -
Largest excess at 95.3 GeV 000F | T, 08
(296 |OC8|) 2000E- 33 0.6
N .AJ . ’___\CD .
. . g 400 T L ;
Combination: S T 04
Largest excess at 95.3 GeV & = 02
(2.86 Iocal’ 1.36 gIObaI) _.; _200; XI I I ‘ I ‘ I | | L1 1 ‘ I I ‘ L1 1 \_
‘5“ 80 85 90 95 100 105 110

my (GeV)
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Heavy Higgs In the general 2HDM

« g2HDM means that usual Z, symmetry is not imposed — FCNC in the heavy Higgs sector
Z, symmetry means the Lagrangian is invariant under ¢1 < ¢1.¢2 <> =2 0V @1 <> =1, 02 <> @2
« Extra top Yukawa couplings p,, p, , p,, — heavy Higgs production with 2, 3 or 4 tops

q — Ptq _
—o—
"
I

. o W

q — p\;q 1




Events

Data / Pred.

Heavy Higgs In the g2HDM

DNN®* classifier has 5 output categories corresponding to 5 signal modes (sstt, ttq, ttt, tttq, tttt)

10°

10
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Events are categorized by #leptons (2ISS, 3, 4l), total lepton charge, DNN®* classifier output
— in total 17 signal and 10 control regions are defined

In each signal region, another DNN*®F is trained to separate signal from background

Background estimated mainly from MC, but several corrections obtained from data:
* VV reweighted to match jet multiplicity seen in a data CR

* {t+>1 bjet, ttW, ttZ and VV adjusted via normalization factors from data

T T T T T T T T T T T T T T T T
ATLAS Preliminary ¢ Data [ signal sstt [ signal ttq
Vs=13TeV, 139 fo! W signal tit [ signal tttq [l Signal tttt
g2HDM [ Four top Ottw Ot
Post-Fit D@tz Dty (low mass) [l Diboson

OHFu EHFel [ Mat Conv
WFakes [CJamisiD [CJother
1 7 S RS 7/, Uncertainty - = Pre-Fit Bkgd.

ss. ¥Ss_ \QgSS\ s \QgSS\ Fss, f" Ss, :'gSs f" Ss, fcfssr bl
CATgs u Ttg Cary, A Titry CAry,” CATs y g Cary, "4 Tt

- 37 3r_ 3,,«* aﬁ$ 3/,6* 4=
~Cay, ~Cay,” ~Cay, *Cay,**Cqy ' *C
FCazy T Tt ATy ATey ATw g
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Data / Pred.

7|||||\\\‘\\\\‘\\\\‘\\\\‘III\‘\\\\‘\\\\‘\\\\‘\\II,
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T Vs =13 TeV, 139 fo' MM Signal ttq [ Signal ttt |
180— g2HDM [ Signal tttq [l Signal tttt
- Four top [ ]tiw ]

- 2/SS++CATsstt T !
1601 T S8 ttH Wizyy

Post-Fit

C [tty*(low mass) [Diboson
140; [ HFu I HFel -
120E 7% Il Mat Conv [ JQMisID
C AI [ ]Other 772 Uncertainty ]
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Heavy Higgs In the g2HDM

Simultaneous fit to 17 signal regions and 10 control regions

35/62

DNN®® output is the discriminant in the SR; #bjets, sublead. lepton p_and event yields in the CRs
Largest excess (2.81c locally) at p =0.32, p, =0.05, p,=0.85 and m ,=1000 GeV

Global significance difficult, will be calculated for the paper result

Depending on the couplings, some values for m , are excluded by this search

P! XiPy=1

Ptt/zf’pﬁ: 1 —3 =
ATLAS Preliminary =
m,, = 1000 GeV 5
25 &
>
w
©
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Q
2
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1.5
1
05
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ptC/Zipl‘i= 1

oxBR [pb]
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ATLAS Preliminary — Brediction

(s =13 TeV, 139 fb™ —— Observed limit

9%% C.L. limts ~ =mmmes Expected limit

[ Expected limit 16
g2HDM Expected limit +20

pu=0, ptu=0.2, ptc=0.2

O T IIIII|

|
300 400 500 600 700 800 900 1000
m,, [GeV]



H" > tb

Corrections derived from low b-tagged
regions and applied to analysis categories:

R(x) =

1 lepton in the final state (dilepton or all-hadronic not considered)

9.Q000QQQ ——= i 36 /62

Golden channel for charged Higgs in the MSSM, largest BR if H" is heavy

9.QQQQQQQ———1

Npata(x) = Nyt (x)

Nﬁf}c (x)

« Analysis regions: 5j3b, 5j4b, 6j3b, 6j4b (no CRs included in the fit)
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About 170 parameters in the fit

(lon

g list of jet-related

and bkg. modelling uncertainties)

—
o e o
o o o

Acceptance x Efficiency (%)

y
o

20

J L | | | | | [
. ATLAS Simulation
L >5j>3b

Signal acceptance

II]_

200 400 600 800 1000 1200 14

- No excess. Sensitivity at low mass strongly limited by systematics
- Signal acceptance drops for high H* masses because jets start to merge
- Need dedicated boosted analysis to recover these events

L1 1 | |1 1 L1 1
00 1600 1800 2000
H* mass [GeV]



39 /62

] % B A T T T 1 3 | I T T T T 10 T 1 1 ] @- T | LU LI 1 L ]
18 40 18 40 @ ]
ATLAS I 307 ATLAS l 307 ATLAS 1
95% CL lusi | <0 | 20F |
+ % CL, exclusions + 95% CL, exclusions + 95% CL, exclusions
H — tb — Ob d H— tb s H— tb s

10~ hMSSM ) Errected 4 1oF m® [Jobserved < {0 M) [JObserved -
- Vs=13TeV o Expecteg Jf ; o ] - Vs=13TeV - Expected . - Vs=13TeVv - Expected .
- 139 fo™ — oﬁiifﬁ P ) - 139 fb! [ Expected t 16 - - 1391 [ Expected t 16 -

gl 0 == Expected 36 o’ ] 3l ,:‘ EXpeCted 206 ) 3L l: EXpeCted + 20
2 4 n 2 (N E 2 D~ |
1 - 1 \\ - 1 =
] N N ] \ N\ \ ]
3 . AN \ ] N ]
0.6 AN y 0.6 R\ \ N NN g 0.6 &\\\\\ DMNNMNNN )

200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600

my- [GeV] m,. [GeV] m- [GeV]
en IIIIlllllllllllllllllllll_(ﬁ_20lllIIIIIIIIIIIII1I|III %ZOIIIIIIIIIIIIIII|III|III
& 40f 18 IS
307 ATLAS I ATLAS ATLAS
20+ 1 10 —_ 10 =
H = tb 95% CL, exclusions L H' > tb 95% CL, exclusions | . H'—tb 95% CL, exclusions |
10 M*®) [ Observed - " M'%(alignment) [ Observed I - MZ(CPV) [ ] Observed ]
- Vs=13TeV === Expected - 5- Vs=13TeV "~ " Expected i 50 Vs=13TeV " Expected
- 139 b [ Expected 16 - 4l 139 b [ Expected + 16 4l 1391 [ ] Expected + 1o
3: [ ] Expected +26 | 3l [ ] Expected+20 | 3l [ ]Expected +20 |
2 S N
e, _:
N ]
06& \ \ \\ ] P I R

W N L. N Lo v b v by vy
200 400 600 800 1000 1200 1400 16( QOO 400 600 800 1000 1200 1400 1600 QOO 400 600 800 1000 1200 1400 1600
my- [GeV] m,- [GeV] my- [GeV]



H"— tb
hMSSM
Vs =13 TeV

139 fb™’

ATLAS

95% CL, exclusions
Observed
Expected

[ Expected+ 106
[ ] Expected +2 —
—— Observed 36 '8_

Expected 36 o

200 400 \600 8001000 1200 14

My |

tanp

T [ L l T LT

H'— tb
M%)

Vs =13 TeV
139 fb’

T T l T T | T T

ATLAS

95% CL, exclusic
Observed
Expected

[ ] Expectedt+ 1o
[ ] Expected 26

40/ 62

H'— tb
MZ°(®)
Vs =13 TeV
139 fb™

ATLAS )

95% CL, exclusions
Observed
Expected
[ Expected + 1o
[ ] Expected * 26

) 400 \600 I‘ 800 1000 1200 1400 1600

m- [GeV]

H*— tb
Mﬁ%CPV)
/s =13 TeV
139 fb™

] & A T T T 'I | O R | T T T 1T T T 1T T T T ] @-
18 40f 1 8 40
I 307 ATLAS I 30r
. 20 1 20+
H = tb 95% CL, exclusions
= 10 M® Observed . 10
. - Vs=13Tev -=--- Expected : -
1 .8 —_I T T 1 | T T T T | T T T T 1T T T | 1T T T T 1T T 1 T I_—
1 ]
1.6 -
4 MSSM E
1.2 tb H* —
1t =
0.8 —
0.6 -
0.4 =
0.2 —
0: | | | | | | | | | |1 | | | | | | | | | | | | | 11 | | | | :
0 10 20 30 40 50 60
tanp
i Z_ 139 o™’ [ ] Expectedt 1o Z_
[ ] Expected + 2c
3r 3t
2 . 2
QOO 400 600 800 1000 1200 1400 1600 200

200 400 600 800 1000 1200 1400 16(
my- [GeV]

m,- [GeV]

) I R A
400 600 800 1000 1200 1400 1600

T T | A T | I T T | LI

ATLAS

95% CL, exclusions

] Observed
Expected

[ ] Expected + 1o
[ ] Expected + 20

my- [GeV]



H" — cb

BR (H" — cb) can get up to 80%

Parametrized
NN for signal-
background
separation

* NN score is

Events / 0.1

final discriminant

 Mass range
60-160 GeV
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Strongly motivated in the 3HDM model (@, @, ®,)
(two charged scalars: H *, H ", couplings X, Y, Z),
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Events /0.1
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HY <

b
Final state with high jet/b-jet multiplicities, large ttbar background (tt+light, tt+b, tt+c)

Very tight b-tagging: 60% WP using ,DL1r* (DNN-based)
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1000
0 7\
1.25 =
1 ;——O—WM_A._—.— - - s g s
0.75F =
0.5
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Signal-enriched categories: 4j3b, 5j3b, 6j3b, and 4j4b to recover a bit signal acceptance,
5 signal-depleted categories to correct or control the ttbar background

7\ 1T ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT \7
I ATLAS Preliminary -¢-Data W >cb -
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NN score


https://indico.cern.ch/event/846576/contributions/3555917/attachments/1915255/3166179/hcb_CERN_sep2019.pdf
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3o local excess (1.6c global) at 130 GeV, broadness compatible with H* signal

Model predictions in the 3HDM (Predictions from the LHCHXSWG)

Generated H* width is much smaller than the resolution
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H* — leptons

)+

* H™" H™ pair production

q « H™ well motivated by many models:
.’ type-ll seesaw, left-right symmetric models, Zee-Babu, GM, ...
R eV
P * GM favors decay of H"™ to WW
‘ L]
Zv S g g1—  Here focus on LRSM, which features H ** and H_"",
S
\< which couple to either left-handed or right-handed leptons
q
'6///_ (79} 35_ T T T T T T 1 o 4 T T T T T —
c - ATLAS ¢ Data Drel-Yan 1 © 10"= ATLAS ¢+ Data FNP =
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. . . g w 4 . -
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H* — leptons

---- Expected 95% CL limit

Expected limit £+ 1o
Expected limit £ 20

— Observed 95% CL limit
— Doubly charged Higgs

—o(pp — H;H;) o
o(pp - He Hy ork k)
% BHT — F1%)=100%

o
= 10__ATLAS
c S /s = 13 TeV, 139 fb”
O B
O
2 N
7 1
9 —
O _
T i
S

10 '

N ------------------

400 500 600 700 800 900 1000 1100 1200 1300

This search can exclude H™ in the LRSM with mass below 900 GeV or 1000 GeV

depending on their couplings

m(H) [GeV]
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H™ candidate event with 2 same-sign electrons and 1 muon

ATLAS

EXPERIMENT

Run: 359010
Event: 1742126393
2018-08-24 00:23:29 CEST

dielectron—-muon candidate event



VBF H" - WZ

{+
z U
W,
14

Neural network classification
(either signal- or background like) B
NN was trained on the lowest mass

point (200 GeV),

mass-dependent training would not
give significantly better results

Cut on NN score defines the

signal region

Final discriminant is then the

reconstructed WZ mass

In the 2HDM, this process is suppressed.

But in triplet models, like the Georgi-Machacek,
this can have sizable rates.
H5+ is part of the 5-plet (H5++, H5+, H5°), which is fermiophobic.
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ATLAS

Vs=13TeV, 139 fb™
Post-fit
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VBF H" — WZ Results

1 T
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Vs =13 TeV, 139 fb™

Obs. 95% CL upper limil
Exp. 95% CL upper limit
Expected limit (+1c)

T T T T T T
| o

2585
-

T

PSSR SR LRSI F oK,
o /r/r /% ettt ta i et ta ettt
97 ‘\!Q:oo XHRHIKK

5
% S

S
RS
C5CS
betele

Ea%e]

g

SRR
0.0
oo
355
2555
iyl

o
&
o
&3

0
055
o,
o
o
o
55

0%
K55,

SintaH

0.9

%
<

e,
000
55
Joses
ot

&

JeteTeeteteretets

HI,
et

5%
55

£
525
55
0080
o,
595%
2
’0::0
0:,0‘0
o
hty!
000
LK
bty
55
poLe,

5

o

<
SRR

%

! i‘i.

b ettt et

G

2525

!

e

ot

o

<

o%

bo%

<]

0.8

J
o
X
e
o

0.7
0.6
Expected limit (x20c)
l"(Hz_}!m{H'g) > 0.05
[(H)/m(H) > 0.1

0.5
VBF SR

gy

0.4

0.3

0.2
0.1

SRR

e
/
A5

e
S

900 400 500 600 700 800

900 1000
m: [GeV]

0.8

0.6

0.4

0.2

47 | 62
137 o' (13 TeV)

- === QObserved
- B8 68% expected
[ === 95% expected

- [(H)/m(H) > 0.1

] | |
500

00 2000
mm[GeV]

1000 15

sinB, is a GM model parameter that controls how much of the W/Z mass is generated by the
vacuum expectation value of the triplet fields. The VBF H" cross section is proportional to sineHz.

ATLAS has 2.8c local excess at 375 GeV.

CMS considers VBF H"™* — WW in addition to H" — WZ and covers a search range up to 2 TeV.



Events / 50 GeV

Data/ SM

Heavy H > WW B

Brand new result, released only last week!
WW decays to ep and neutrinos (— missing energy)
S- I t I t b d t Pre-Selection
Imp e event selection based on cuts Two Difterent Flavour, Opposite Sign Leptons, p; > 25 GeV
Third lepton veto, p; > 15 GeV
: i C Selecti
Dedicated background control regions e
h—lag —
(to control WW and top) |Angel < 1.8
mee > 55 GeV
phlt > 45 GeV
7 T 1 ‘ T | T 1 | T | T 1 | T £ sublead ’;OG V
10 . . @® Data “22 SM (sys @ stat) pT W > h’_ €
108 ATLAS Prellmlnary 0 nwa 1 Tev[T] NwA 2 Tev max(m, ) > 50 GeV
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104 VBF Top CR B 25 Gev] SCvygriy and SCygrag min(|An;¢|) > 1.75 Ayjjl >4
103:E :
102 ; WW CRggF TOp CRHF Ww CRVBFIJ TOp CRVBF
E N!J—lag =0 Nb—l:ig =1 Nh—tzlg =0 Nb—l;lg =1
10 |Ance] > 1.8 |Ance] < 1.8 (|Anee] > 1.8 or |Ance| < 1.8
1E myeg > 55 GeV 10 GeV < myp < 55 GeV) mgp > 55 GeV
i pld > 45 Gev - pid > 45 Gev
10 ? pgﬁ.sublcad > 30 GeV _ p][;suhlcud > 30 GeV
L max(m;) > 50 GeV - max(m,’) > 50 GeV
1o T T T T8 T T T METSigRatio > 0.8 GeV~! - -
17 ¢ 3 ? \ | Excluding VBF1/2] phase space VBF1J phase space VBF1/2] phase space
I * b ‘ | T | e ]
0.8 e B - . . .
500 gm0 st s00- o0 200 TOP @and WW backgrounds corrected with normalization factors

derived from fit to data, top bkg reweighted in p_of leading lepton

m. [GeV]



Events / bin

Data / Pred.

Final discriminant:

H

— WW

- Three signal regions, one targetting gluon fusion, and two targetting VBF signal

- It can happen, that one of the 2 forward jets is not reconstructed

(eg. because it is outside of the detector acceptance) — 1-jet category
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H—- WW

95% CLs Limit on 6(pp— H) x BR(H— WW) [pb]
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- ATLAS Preliminary 1 ¢ [ ATLAS Preliminary ]
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Very good agreement of data with background-only hypothesis for both ggF and VBF

In these plots, a generic narrow-width signal is assumed (other signal models considered
in the conf note, and signal-background intereference effects found negligible in any case).
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«ﬂ VBF H — WW candidate event ATLAS

(2™ jet outside of acceptance) EXPERIMENT

Run: 362204
Event: 2842448996
018-09-29 13:15:54 CEST

B




H— WWin CMS

WW decay to ee, uu end eu (and missing energy)

DNN used to classify events as ggF-, VBF-, or background-like

,DNN mT“ is final discriminant (output of mass reconstruction DNN) ©'F

Excess of events for 400 GeV < m_< 1200 GeV

Fraction of VBF signal relative to the total signal f __ varied

95% CL limit on 6(H—WW-5212v) [pb]

138 b1 (13 TeV)

1072 £

Preliminary
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95% CL limit on 6(H—WW-—212v) [pb]

Mass range: 115 — 5000 GeV

CMS Preliminary
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L=59.7 fb" (13 TeV)
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Highest significance:
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at mH=65O GeV
(global 2.60)

CMS analysis more
sensitive than ATLAS
since ee and uu are
iIncluded



Resonant Higgs Boson Pair Production X — HH/SH

4.6%

53 /62

Heavy scalar X decays to two
Higgs bosons with each 125 GeV.

Predicted by many models, eg. real or complex
singlets, 2HDM, TRSM, NMSSM, GM, ...

«— Branching ratios of HH decay channels
(H is the SM Higgs boson)

T | 7.3% | 27% 039% The most sensitive HH channels contain at least one

bb decay, taking advantage of its large BR.
Zz | 31% | 11% 033% 0.07%
YY | 026% || 0.10% | 0.03% 0.01% 0.0005%

published by ATLAS
9 TEEOD , Hi
4
SNTITIN Hl 2

Another possibility is to search for X — SH, A --
with mS = mH. This is predicted by many models, A

often leading to larger signal rates than HH. g 00000 " Hios



X — HH — bbyy
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—— Observed limit (95% CL)
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Events

Data/Pred.

X — HH — bb1t

Only gluon fusion considered, narrow width scalar

3 signal-enriched categories:
- had-had channel

- lep-had channel triggered by single lepton trigger (,SLT")
- lep-had channel triggered by lepton+tau trigger (,LTT")

Machine learning techniques for signal enhancement,
final fit performed to the MVA output scores

Excess at 1 TeV (2o global)
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Events / 14.3 GeV

Data - Background
Background
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4 b-tagged small-radius jets
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2 large-radius jets, with

in total 2 or 3 or 4 b-tagged
track-jets

m.. is final discriminant

Gluon fusion only
Spin-0 narrow-width



X — HH

Combination
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bbyy, bbtt and 4b combined
Largest excess is at 1.1 TeV

with 2.1c global. Not seen by CMS.
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Summary Plot for the hMSSM
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[ gg/bb H/A, H/A — 1t
139 fb™
Phys. Rev. Lett. 125 (2020) 051801
[ tb) H', H' — v, 36.1 fb
JHEP 09 (2018) 139
[ b(b) H/A, H/A — bb
27.8 fp
Phys. Rev. D 102 (2020) 032004
[ H-ZZ - 4llivy, 139 b
Eur. Phys. J. C 81 (2021) 332
A — Zh, h = bb, 139 fb”
arXiv:2207.00230
[ tb) H', H" —> tb, 139 fb™
JHEP 06 (2021) 145

— [ H—> WW — Iviv, 36.1 fb”

Eur. Phys. J. C 78 (2018) 24
) H - hh — 4b/bbyy/bbtt

126 - 139 fb’!

ATLAS-CONF-2021-052
—=—==h couplings [k, K, K]

36.1-79.8fb"

Phys. Rev. D 101 (2020) 012002
[ ttH/A, H/A > tt, 139 fo'!
ATLAS-CONF-2022-008
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CMS X — HY — bbyy CMS-PAS-HIG-21-011

b

9 '4_ Asymmetric decays are motivated in extended Higgs models,
X H/Y b for example Two-Real-Singlets model (TRSM), or the
"""""""" H ¥ Next-to-Minimal-Supersymmetric model (NMSSM)
; |

Search range: _ CMS Preliminary 138 o' (13 TeV)
90 < mY < 800 GeV, 300 <mX < 1 TeV g of SO XY o :
: : T 5 My 900 GeV — S+B it =
Object selections: « pT(y1)/myy > 1/3, pT(y2)myy > 1/4 3 I B component -
« pT(jets) > 25 GeV S I = g
- AR(jet,y) > 0.4 oo E
« Jet pair selected has highest sum 2011 ! m
of DeepJet score i o/ ¢/ so(4lole| 9] || |o]o# H
* Electron veto o ELLU T
- NN to reject ttH background % * ROt #Bcomponentsumradedé
- BDT to reject non-resonant background I
— 3 categories defined based on BDT score I =
- Stringent window in X mass with ~60% signal efficiency &0 01, =

| II|IIII|IIII_
100 110 120 130 140 150 160 170 180

- Signal is extracted with 2D fit in myy-mijj plane m,, [GeV]


https://cds.cern.ch/record/2815230

CMS X — HY — bbW
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138 fb' (13 TeV)

CMS Preliminary
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;1 o' —— T =40 S AN . Expected 95% upper limit
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- ——
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. . . . . m, = 650 GeV (x107
bkg function is labelled by an integer which is x 1% ___é_)h——‘—’”
treated like a discrete nuisance parameter which © 10 E——
. . . . K10 ee———— e TR
is profiled by the fit to the data myy sidebands 10 e 2000 )
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https://arxiv.org/abs/1408.6865
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Excitement about the 95 (or 96) GeV Excess

e Four occurances:
CMS H — vy (36), CMS H — 11 (2.45), CMS X —» SH — bbyy (3.80),
LEP H — bb (20); not ruled out by ATLAS intermediate H — vy

 Various theory papers: 2203.13180, 2205.03187, 1908.01668, 2204.07470, 2204.11755,
2002.07697, 1908.07206,

* Plenary talk at ICHEP in 2022 by S. Heinemeyer, also discussed at length in Santander
« N2HDM (2HDM-+real singlet) can fit this excess

* Everybody is waiting for the ATLAS intermediate H—yy and H—tt results and Run 3

CMSs Preliminary 138 fo” (13 TeV)

3.5 : : — 10° TU‘ T T LB T I
. . Q :
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< 2 o Eemm—— 00 ) = O Expected for background /& 247
g 1 E I 107 E = G ™. =500 GV (x10) E o -1 JieisT
\6/ T 106 { u_)mx=65052\/(x107) E c\ 10 = e
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https://arxiv.org/abs/2203.13180
https://arxiv.org/abs/2205.03187
https://arxiv.org/abs/1908.01668
https://arxiv.org/abs/2204.07470
https://arxiv.org/abs/2204.11755
https://arxiv.org/abs/2002.07697
https://arxiv.org/abs/1908.07206
https://indico.cern.ch/event/1083758/contributions/4917697/
http://hdays.csic.es/HDays22/talks/Tuesday/biekoetter.pdf
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Conclusions

 Many BMS Higgs searches published, more results are in the pipeline!
 Various excesses seen in the run2 dataset (95 GeV, 400 GeV, 650 GeV, ...)
« Super exciting times, what will we see in the run3 data?

« Are we about to approach the golden age for BSM Higgs physics?
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Exotic Higgs Decays

Higgs boson has a very small total width (~4 MeV) a Z Z4
— decay to SM particles is supressed (either small H H H
Yukawa couplings, or phase space) gitan gHza
L4

— dominant decay to bb controlled by a small coupling

— even very weakly coupled new particles can generate sizable branching ratios

Search for... sm—m——

« Rare Higgs decays to SM particles
(BSM effects could lead to an enhanced rate) . - o

- Lepton-flavor-violating deacys (eg. H — ep) e

* Invisible Higgs decays, or decays with associated MET (Theodota Lagouri)

» Higgs couplings to dark particles from hidden sectors (eg. H — ZdZd) .

* Higgs decay to long-lived particles e Y1

« Higgs decay to new light scalars H — aa (scalar or pseudoscalar), </ ;
alsoH—ab(m #m),orH— Za ;‘,;\<

. . . .. . I

Cascade decays involving new (invisible) particles



- 125 Higgs is produced in association with Z

-/Z — eeorpuu

- Dark photon is undetectable, can be massless

/4
ﬁii: - Look for events with lepton pair, MET and a photon

- Veto of events with a third lepton

f_
T0000" >
g Z
A I
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8
00— -
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10° == Bl ey Ewy = SR, ee+ull g #
E SR, eet+ul [ ttH, VH wmnn ZH(yy )
= badia [tH, VH ==== ZH(yY) 10% = anen ZH(yy ) 20 GeV -+« ZH(yy") 40 GeV3
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10° g E

E mrrrrrrm] TTTIT
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BDT classifier response

Data/Bkg

—
o

o
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50 200
mT(YsE:'SS) [GeV]

100

BDT used to separate signal
from background

Fake background from jets

or leptons misidentified as v,
fake rate estimated from data

BDT score is the final
discriminant

- <«+— m_fromyand MET has

kinematic edge at 125 GeV



H — yy Results
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m, [GeV]

ATLAS 95% CL Limit on BR(H — vy, ) = 2.28%
for massless v

CMS considers only massless gd, but varies the mass
of H. For m =125 GeV, limit on BR(H — yy ) = 4.6%.

CMS uses more restrictive event selection cuts, no MVA.
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ATLAS

EXPERIMENT

ZH — ee + yy_candidate

m(ee) = 92 GeV
pT(y) =62 GeV
MET =63 GeV




Significance

H—-tt+ MET

Motivated by the 2HDM+a model

- his 125 Higgs

« -As heavy pseudoscalar
_ - ais pseudoscalar that
couples to dark matter

Tt

Events contain high pT hadronic taus and large MET (> 150 GeV), some additional cuts

,Low mA" region targets mA<800 GeV, ,high mA" region targets A masses above that

Final discriminant is sum of m_(z., MET)+m_(z ,MET), with my' = \/ZpT(ri)Efrm“(l — cos Ag (i, ™))

= r ]
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H—-tt+ MET
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Assumptions entering in these results:

Mass degeneracy between H, Aand H*

cos(p—a)=0

10
[ ATLAS Preliminary 2HDM+a model, sin(©) = 0.7, m_= 250 GeV
B — -1
- (s=13TeV, 139 - - - - Expected Limit (+10,,,)
— Limits at 95% CL
B = Observed limit
sy N
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IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
550 600 650 700 750 800 850 900 950 1000
m, [GeV]

Mass of the DM particle y is set to 10 GeV

Mixing angle 6 between both pseudoscalars fixed to 0.35 (left) or 0.7 (right)



Higgs to Invisible

Vector boson fusion signature can be separated from background
despite the lack of visible decay products of the Higgs:

SR has 16 bins in mjj and Adjj,
depending on the jet multiplicity

and MET.

- 2 leading jets in foward direction and in opposite hemispheres
- large dijet mass mjj (>0.8 TeV)
- large pseudorapidity separation Anjj (>3.8)
- smaller values of Agjj

Events / Bin

Fit also contains several control
regions for V+jets, fakes and

pile-up jets.

Total fit contains 105 observed

Yields, 58 normalization parameters -

Ratio

and many constrained nuisance

parameters.
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Higgs to Invisible

Observed: 0.145

Limit on BR (H — invisible)

Expected: 0.103 + 0.041 - 0.028
Best fit value: 0.053 + 0.052

Relative impact of each source of
uncertainy on the limit on BR(H—inv):

Source A %]
Jet energy scale 2.1
Jet energy resolution 4.2
Fake leptons 6.5
Lepton ID 5.3
Multijet 5.0
Other 2.8
V+ jets theory 4.2
Signal theory 0.6
MC stats. 3.8
V +jets data stats. 94
Remaining data stats. 8.7

Both ATLAS
and CMS

have a slight
excess each

Analysis optimized for SM Higgs is also used to
Constrain heavy Higgs — invisible:

E 1 5 T T T T T | T T T T T | T
= ATLAS }
Z | Ys =13 TeV, 139 fb™

Q i Limits at 95% CL |
x 1 VBF with SM Higgs couplings |
&0 _
>

o) _

0.57
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95% CL upper limit on ¢ x B(H — inv)/c
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--=- Expected
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19.7f0" (8 TeV) + 140 fb ' (13 TeV) ©
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ATLAS

EXPERIMENT

Run: 279984
Event: 2837776402
2015-09-21 20:21:50 CEST

mjj=2.5TeV
Anjj=4.0
Agj;=1.6

Jet 1

Jet' 25 pr = 501 Gey

X-y view
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March 2022

1 S L |:| R — VV (semi-leptonic)
0.9 ; Eur. Phys. J. C 80 (2020) 1165
' { I H - Wz
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17.5F 95% CL limits, cos(B—a)=+0.1, type-| 2HDM

- ATLAS Preliminary /s =13 TeV, 126—139 fb™

H width > 5%
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H (and Z) — Quarkonium+y Results

ATLAS 's=13 TeV

Hopy b 7 77T T T T R TT T T RE s st
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Z-YESY = L 8L e il 4

107~/ 10°° 107 1074 107° 1072
95% CL upper limit on Branching Fraction



	Folie 1
	Folie 2
	Folie 3
	Folie 4
	Folie 5
	Folie 6
	Folie 7
	Folie 8
	Folie 9
	Folie 10
	Folie 11
	Folie 12
	Folie 13
	Folie 14
	Folie 15
	Folie 16
	Folie 17
	Folie 18
	Folie 19
	Folie 20
	Folie 21
	Folie 22
	Folie 23
	Folie 24
	Folie 25
	Folie 26
	Folie 27
	Folie 28
	Folie 29
	Folie 30
	Folie 31
	Folie 32
	Folie 33
	Folie 34
	Folie 35
	Folie 36
	Folie 37
	Folie 38
	Folie 39
	Folie 40
	Folie 41
	Folie 42
	Folie 43
	Folie 44
	Folie 45
	Folie 46
	Folie 47
	Folie 48
	Folie 49
	Folie 50
	Folie 51
	Folie 52
	Folie 53
	Folie 54
	Folie 55
	Folie 56
	Folie 57
	Folie 58
	Folie 59
	Folie 60
	Folie 61
	Folie 62
	Folie 63
	Folie 64
	Folie 65
	Folie 66
	Folie 67
	Folie 68
	Folie 69
	Folie 70
	Folie 71
	Folie 72
	Folie 73
	Folie 74
	Folie 75

