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* The Higgs boson (H) was discovered in 2012
by the ATLAS and CMS collaborations

* The measured properties have so far been
in agreement with the SM predictions

25m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

CMS DETECTOR

Total weight  : 14,000 tonnes
Overall diameter :15.0m
Overall length ~ :28.7m
Magnetic field  :3.8T

STEEL RETURN YOKE
12,500 tonnes SILICON TRACKERS

Pixel (100x150 um) ~1m* ~66M channels
Microstrips (80x180 ym) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

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

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

* Have we observed the Higgs boson
of the Standard Model?

* What else it could be?

* How to search for the BSM Higgs
signatures at the LHC?
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Some of Beyond the SM Theories
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* The main extension of the SM is the addition of a Higgs doublet! (2HDM, MSSM)
* In the Standard Model: one complex Higgs doublet => 1 Higgs boson, h
* In extended models: two complex Higgs doublets =>5 Higgs bosons, h, H, A, HE

@2HDM

* It has four types, depending on the way the two SU(2);, doublets are coupled to the fermion
sector:
* Typel: the SU(2), doublets couple to both up- and down-type fermions equally
* Type ll: one doublet couples exclusively to up-type and the other exclusively to down-type fermions

@MSSM (Type Il 2HDM)

* The Higgs sector of MSSM is determined at tree level by only two parameters
* M,andtanpf

CMS Preliminary 35.9 fb™ (13 TeV)
— 60
where1 < tanff = v,/ v; <60 =%
July 2021 = a0k
Q. 60 ' [ gg/bb /A, HIA — 1t 30
C L Nomeee et LEE K 139 fo! r
_.‘E 40 y, Phys. Rev. Lett, 125 (2020) 051801
[ o) H' H > v, 36.1 fo' -
30 20
JHEP 09 (2018) 139
20 _| [ o) HA, HA - bb
27810
Phys. Rev. D 102 (2020) 032004
[ H 2z >4, 36.1 10" 10 [] observed exclusion 5% cL
1 0 —_ Eur. Phys. J. C 78 (2018) 293 7 == Expected exclusion 95% CL
. A —Zh,36.11b" h(
-1 JH:P 03 (2018) 174 6 E;;;/‘?” (2019) 421
ATLAS Preliminary - [ to) H' H —1b, 139 fo! 5S¢ cMs-PA;-':ﬂG-\s-mo
5 hMSSM, 95% CL limits ] JHEP 06 (2021) 145 4+ j({;;f;us (2018) 13
4 Run 2, Vs = 13 TeV 1= o 61 o 3 [ QA’E/SWGWS% amor
—_ v n ur. Phys. J. C 78 (2018) 24 - v v and v qq)
3 Observed @ H > hh - 4b/byy/bbre - PR e 802m 034
w" EXpeCtEd 27.5-36.1 0" PLB 778 (2018) 101
2 N Phys. Lett. B 800 (2020) 135103 gM‘SfPAS-H\G-W-027
=== h couplings ['f"' Ko Kl :rTf;i(:?h;:GCM
36.1-798 " hMSSM
1 AL ' PR | Phys. Rev. D 101 (2020) 012002 1 | 2 1 A I
200 300 400 1000 2000 130 200 300 400 1000 2000
m, [GeV]
A
ATL-PHYS-PUB-2021-030 m, [GeV] https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
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Beyond the SM Higgs Searches
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 BSM theories predict new additional Higgs bosons that trigger searches for those
additional bosons

o l)
. ) 00800000

CP even Higgs boson b, H, A [ _ A

« CP odd A boson g > ' ‘

TN -

Charged Higgs bosons, H*, H™

* The self coupling of the Higgs boson is also predicted in the SM. The double Higgs

boson production is one of the way to search for it. Any deviation from the SM would
be an indication of new physics.

* Non-resonant production

/H g /H
. K\ //’ //’
* Resonant production :DH.( B
g

* New physics could be also found in searches for exotic decays
* Lepton Flavour Violating Decays, H — et

Decays to pseudo scalars, H = aa
Decays to invisible particles, H = inv

15.09.21 | Hale Sert on behalf of ATLAS and CMS Collaborations | Search for BSM Higgs Signatures at the LHC
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Searches for additional Higgs bosons

* CP even Higgs boson

CP odd A boson

 Charged Higgs bosons, H*, H™

15.09.21
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% A — ZH Searches in ATLAS (m, > 125 Gev) 159

¥lama* using the full Run 2 dataset Eur. Phys. J.C. 81 (2021) 396 ATLAS

EXPERIMENT

* Asearch is performed with the following mass ranges:
« 230 < my <800 GeVand 130 < my < 700 GeV for H — bb, (ggF and b-associated production)
* 300 < my <800 GeVand 200 < my < 700 GeV for H - W*W~, W decays hadronically (ggF prod.)
whenZ —» £1¢~
* Myppp aNd My, distributions are used as final variables to discriminate signal from the
backgrounds
* No significant deviation from the SM background predictions

* Observed upper bounds at 95% CL are set on the 0;,-o4 XBR

| L N T T

>
e ATLAS e Data
9105 \s=13TeV, 139 fb" — A- ZH> liww > 1000:' A7I'LASIII O o ]
o m, =600 GeV, m_=300 GeV [ z+jets @ - B tanp=1.0 1 The results are
qc, 10* gluon-gluon fusion produced A [ Top quark 9 900__ f= 1Z?-|TeVIiV:I:\3/\EI; fo 240 GeV [CJObs. - -- Exp.t 1o —
> - - - ,m = eV tiExp. e - : H
w 103 Er,:cenaimy E< 800:— 95% CL exclusion, type- 2HDM ***** Exp. Exp.J_ch_: InterpretEd in 2HDM
: Lo 1 phase spaces!
107 700 =
10 600 -
1 500 =
107" 400:_ E
-Clc.; 11-4 I.; . Icl .o IDI "‘ ] '+' 3 :. R N B s S n
T 0 e e -1 -0.8-06-04-02 0 0.2 0.4 0.6 0.8 1
% 400 500 600 700 800
e Mg [GEV] cos(B-a)

New: The A » ZH —» WW {4 channel has not been explored previously at the LHC!
The mass range of A » ZH — bb£* £~ is extended up to 2 TeV in ATLAS-CONF-2020-043
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#8% A(H) > ZH(A) Searches in CMS M
VX using the 2016 dataset JHEP 03 (2020) 055

* AHorAboson is searched in the mass range of 120 < my(m,) < 1000 and 30 <
my(my) < 1000 GeV, when H(A) - bband Z —» £f withf = e, u

my+ -, 5 are used to search for a resonant-like excess of events compatible with

the H and A masses
* No significant deviations from the SM expectations are observed

 Model independent upper limits on o XBR are set, and results are interpreted in type-ll
of 2HDM scenario

* The interpretation in the all four type of 2HDM is done in Eur. Phys. J. C 79 (2019) 564

S CMs __ 359MT(18TeV) 1000 MS
& 9000 up +ee 4 Data I Drell-Yan—| 3 Type-Il 2HDM - Exp. excl.
© 8000 —MM, -s0050Gev WE 5 T [@nBELlScos@-a)=001 = Obs. excl. For tan B = 1.5 and cos(pB -a) =
a . MM, = 500,300 GeV [l Single t 3 1S B 68% excl. 0.01
*2 000 — M, M, =800,700 GeV | WV(V) 3 800 95% excl. U
6000 ost-fit uncertain er E H . .
2 cono Postitunceranyy [ 0mer - 3 * with mH > maA, regions in
4000 3 6001f * 150 < my <700 GeV
3000 E « 30 < my <295 GeV
2000 = .
1000 E 400 alternatively
0 Sesseesbenseseient e with mH <mA, regions in
O 4T T L L L L T I .
2 T2peedey U 200 30 < my < 280 GeV
S g AR HH}}{T h [ * 150 < my < 700 GeV
e ] e e o 4 fi
e 200 400 600 800 1000 1200 1400 30 : — are excluded at 95% CL
my; [GeV] 30 200 400 600 800 1000

ma [GeV]
e Alarger region of Type-ll 2HDM parameter space is excluded compared to previous searches
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‘e H/A - 17T Searches in ATLAS
(*1453“@ using the full Run 2 dataset Phys. Rev. Lett. 125, 051801 (2020)

* Asearch for H or A bosons over the mass range 0.2 < my, 4 < 2.5 TeV is performed in the
T¥17 decay with 7)o Thag and TpgqThag final state

* Both gluon fusion and b-associated production modes are considered

> T r . :
« mi°lis used as discriminating variable § 10 ATLAS f5 - 13 Tov, 130 1
TanT -
. ,g 103 had “had o Data e
* The events are classified in b-tag and b-veto categories g e o 2 UG
s ATH (1500)x100, tanp=25 [ Z/7*—>77
mW-rv
 The data are in good agreement with the SM bkg prediction 1o 7 Uncanainty
1
 Model independent upper limits are obtained o i
L0 o B B B B 10°° ‘
o) ATLAS Vs=13 TeV, 139 fo ] 3
o ¢ — 71, 95% CL limits . 10
E ’ gluon-gluon fusion e Observed | | 1?_;
T8 e Expected g
: A = j - WW//{( oy
>é10“§— R e ATLAS 36 fo' 200560600 500

met [GeV]

—2|
I * The sensitivity and explored mass range are significantly

increased, especially in the mass range 0.7-2.5 TeV!

1073
s * Theresults are interpreted in MSSM scenarios

1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1
500 1000 1500 2000 2500
m, [GeV]
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#B: H/A — t7T Searches in CMS o
D =5 4\4" using the 2016 dataset JHEP 09 (2018) 007

95% CL limit on o(bbo)-B(0—tt)(pb)

A heavy Higgs boson is searched in the mass range of 90 < my < 3200 GeVin¢$ — 17
* In the channels of ey, ety, uty, and Tty

Higgs boson production in association with b quarks is considered to enhance sensitivity!

Discriminating variable: m&°t = \/mT(pT ,072) + m3(p7, pm5) + m3(ps2, pm), where
my = \[2prpr[1 — cos(Ad)
The events are classified in b-tag and no b-tag categories in general

No significant deviation has been observed

35.9 fb™ (13 TeV) 35.9 fo (13 TeV)
T T T T T T T T
Ol ] 95% CL excluded:
CMS - Observed 1 CMS [JObserved WM 68% expected . . .
102 ;Expected _: . - Expected | 95% expected Model Independent limits are set
68% expected 3 o T | .
D 95% expected | % hMSSM scenario ] | n 0 X B F (d) 9 T T )

] * These range from 15 pb to 2.5
] fb for production in

] association with b quarks
107 ]
; * Exclusion regions are

determined in tan f - mA
plane for specific scenarios

102

107°

L L L |l s L S S S S S AT SO ST S |
100 200 300 1000 2000 500 1000 1500 2000
m, (GeV) m, (GeV)
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82 H —> W™W ™ Searches in ATLAS & CMS
CE XY using the 2016 dataset
* Massrangeof 0.2 < my < 5TeV * Massrange of 0.2 < my < 3 TeV
* In evuv final state * In 2€2v and €v2q final states
* Quark-antiquark annihilation or gluon- * Gluon and vector boson fusion
gluon and vector boson fusion processes production modes are considered
are studied
% 10_\[T‘TTT‘!l|I|II-I||IV\II\IlvlllllllTlToYT'”IIIlIII_ 359fb'1(13TeV)
_,‘E E ATLAS 2H—>DM T;:S: I(IB—OL) o E CMS 95’/"0%:83(:;“(’;'5&80/ expected
F Vs=13TeV —Observed95% CL [@tlc - ---- Expected 95°/: expected
- 36.1fb" ---- Expected 95% CL [J+206 - B 1 e e
@ - [X) Excluded ] % 2HDM Type-Il |
_ i I JCMS
TL - ]
EXPERIMENT 7>
1

1 Loy

S IR I
200 300 400

107"

R S IR L I
500 600 700 800 900 1000
m,, [GeV]

-
10200 220 240 260 280 300 320 340 360 380 400

Eur. Phys. J. C 78 (2018) 24 ™ [GeV] JHEP 03 (2020) 03

* The data is consistent with the SM expectation
* Model independent limits are obtained and results are interpreted in 2HDM

15.09.21 | Hale Sert on behalf of ATLAS and CMS Collaborations | Search for BSM Higgs Signatures at the LHC 10
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S8 Searchfor HX - W*A4 - WEuu
%* 2 jg' using the full Run 2 dataset ATLAS-CONF-2021-047
* Asearch is performed for HX - W*A, when A — uu in tt events. e “’ .
g/e*
* The mass ranges are NN<
* 100 < my+ < 160 GeV and "
« 15< my <75 GeV |
* An excess in the yu invariant mass spectrum is searched M

N
S

I Single top-quark
B Z+LF

tiW
bttt

30

\Lii

——
Preliminary
i

>

[} e Data

9 O W wam, -te0Gev,m-sscev ATLAS

% so e B ynooray s=13TeV, 139 fb
5 Z+HF

LE Diboson

\w@x\\w@\@

=)
] IIIjlII|IIII|IIII|IIII|IIII|IL

] 'LIIIllIIIlII?L |||||||||||||||1r

0 ! e e I !
2 T T T T T T
2 F N —
1 %4 [T SRR U0 SIS SRUPI U SUNN S T
gt L AN R Potcegree : L '3
D ................................
20 30 40 50 60 70
m,, [GeV]

95% C.L. upper limits on B(t — bH*, H" - WA, A — u'w)

No excess has been found, upper limits on 0 XBR are set

x10°°

C eup

————
- ATLAS Preliminary —— Observed, m. =120 GeV -

— s -

13 TeV. 139 fb-1 —e— QObserved, m,. = 140 GeV ]

—e— Observed, m, = 160 GeV

----- Expected limits

=JEEEE

'IIII|IIII|IIII|I

S S S S
m, [GeV]

* New: The first ATLAS searches in this production and decay channel!

15.09.21 |
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H¥** 5> W* W= and HE -» W*2z &

Nae  using the full Run 2 dataset Eur. Phys. J. C (2021) 81:723
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* The search is performed for the VBF production of Ht¥ and H* over mass range:
200 < my++/my+ < 3000 GeV in leptonic decays of W* W* and W*z
* The W% W* and W*Z channels are simultaneously studied using the di-boson transverse

mass mr and dijet invariant mass m;; distributions

137 b (13 TeV)

[ i T — T " y T =
a8 10""ECMS + Data A\ Bkg. unc. —
-~ - H"(500)—=W"W", s,=1 W W* - 137 ib! (13 TeV)
0 N —H'(500)5W'z,s -1 EEWZ 1 = —— 1 T T 7
& s | zz ] = - CMS — Observed
10° I Nonprompt ~ —| —
> N I tVx ] N - BE® 68% expected
t N Bl Other bkg. ] = 1 3 - 95% expected
Distributions for the bins 105k ¢ i1 7T h oot s, =1
. . e = E- - -Q-I
used in the simultaneous fit: = WW* SR wss P4 = Singly charged H
: Rt e
2 : v wsn-1 |-
10 h 1 =20 F
i § © -
107"
% 102 P e e S M S
T 1000 2000 3000
© m,,. [GeV]
[m]

(=
FTTTT

Bin

* No excess of events with respect to the SM background predictions is observed.

* Model independent upper limits at 95% CL are reported on the o XBR for VBF production
of charged Higgs bosons

15.09.21 | Hale Sert on behalf of ATLAS and CMS Collaborations | Search for BSM Higgs Signatures at the LHC 12
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a8 H- ->W-W+ and H- -»> W*2
3 2 s using the full Run 2 dataset JHEPOG6 (2021) 146
The search is performed in the mass range of 200 < my++ < 600 GeV
* In final states of two same charge leptons (SC) (2£5¢), three leptons (3#) or four leptons (4¢)
New: The associated production of H¥* and H* bosons is explored!
ke B Charge-fiip "B WW.VH VWY ' ' 4 ' 5 10— ERERE R T
;_f 35 [ Non-Prompt lepton [ tTW,ttZ ) A TLAS ) : A TLAS —«— observed 95% CL upper limit
30 = - vz ':', WzeHAv eV fa=13TeV 139 b g 100:— Vs=13TeV 139"  ____ expected 95% CL upper imit 1
25 N \ > Total uncertainty H; 80_— E expected limit (+20) B
20 +\ N [ expected limit (+10) ]
15E % 60:— ——— Theory (NLO QCD) _:
10 x - .
g —h @ — T e——- I 40 -
c% 0 7 B ]
- & 20 N .
S i 9 A -
....... Lov o b v by v ey P T
0 — o 03057250 300 350 400 450 500 550 600
20 3¢ 4¢ 20 3¢ 4¢ 26 3¢ 4¢ 20 3¢ 4¢
| my e =200 GeV | mys =300 GeV | my s = 400 GeV | My = 500 GeV my e+ [GeV]

No significant deviation from the SM predictions was observed
H** bosons are excluded at 95% CL up to 230 GeV for the associated production mode

The limit on the HtE boson mass implies a constraint on the H* boson mass

- which is at most 5 GeV different from the H¥* mass

Upper limits on the associated production 6 XBR range from 40 to 10 fb

15.09.21 | Hale Sert on behalf of ATLAS and CMS Collaborations | Search for BSM Higgs Signatures at the LHC 13
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Searches for double Higgs boson production

Non-resonant production
Resonant production

15.09.21
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@ Double Higgs Boson Production Searches
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‘Eg%b T T T [ T T T
ATLAS Preliminary

Vs =13TeV, 27.5—139 fb~!

LAS

EXPERIMENT

Combined|_
27.5-36.1 fb~!

bbitvi—v|
139 fb~!
bbyy
139 fp~!
bbt+t™
139 fb~1

| T T T T | |
—— Observed

Expected
Expected = 2 0
W Expected 10

Obs.  Exp.

6.9 10

Normalised to ogqr
Phys. Lett. B 800 (2020) 135103

40 29

Normalised to ogqr
Phys. Lett. B 801 (2020) 135145

4.1 5.5

Normalised to Oggr + ver
ATLAS-CONF-2021-016

4.7 3.9

Normalised to Oggr + var
ATLAS-CONF-2021-030
|

2 5 10

95% CL upper limit on o (pp = HH) normalised to osm

ATL-PHYS-PUB-2021-031

20

I L 1 1l
50 100 200

* Both ATLAS and CMS have single-channel
analyses that are performing significantly
better than the 2016 combined result!

* Non-resonant HH production cross-section to
the Standard Model prediction

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG

Run 11 2016, 35.9 o™
Expected 12.8
Observed 22.2

bbzz, 138 o™

Expected 39.8
Observed 32.5

bbbb, 138 fb’

Expected 7.84
Observed 3.88

bbyy, 138 fb
Expected 5.55
Observed 8.40

T L L T T T T T TIT] T T T T T T 717

CMS —e— Observed ---- Median expected

Preliminary B 68% expected
13 TeVv =--- 95% expected

Phys. Rev. Lett. 122 (2019) 121803

CMS-PAS-HIG-20-004

CMS-PAS-HIG-20-005

JHEP 03 (2021) 257

I 1 1 1 1 1 1 11 I 1 1 1 11 111
1 2 3456 10 50 100 500

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

15.09.21 |
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Non-resonant Double Higgs Production

* Non-resonant analyses are used to set limits on predicted couplings (k;, K,y )

q
q g
H KX
Ky FATS(
o g
q
q
oy T T T T T T -—-4OOGCMS Preliminary 138 fb (13 TeV)
E - ATLAS — Theory prediction ] = L 95% CL upper limits : : All cate;gories R
% 10°E {s=13TeV, 126"  — Observedlimit (95%CL) T T Vosam axpected ’ HH1_> bbbb1:
C HH—bbbb = Expected limit (95% CL) ] 1 3000'_ [ ] 68:/0 expected po =1, =1
& 10 Moo 3 L e e Qi
b°>: 103;_ Expected+ 26 E: % \ ]
E E & 2000 ]l
107 E :
10%_ —é 1000 LT L IR
@145054&&% e ST
- -10 -5 0 5 10
JHEP 07 (2020) 108 Kav CMS-PAS-HIG-20-005 Ka CMS
L i :
EXPERIMENT The observed excluded region The value of K, normalised to
corresponds to SM expectation is observed to be
K2V <-0.43 & K2V > 2.56 in the range of —2.3 < k< 9.4
15.09.21 | Hale Sert on behalf of ATLAS and CMS Collaborations | Search for BSM Higgs Signatures at the LHC 16
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Resonant Double Higgs Production
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m

o (pp = X - HH) [fb] 5

* The resonant production of double Higgs searches are also ongoing!

g H
______ {:’
X CMS
g H
ERIMENT
T 1 T 7T T T T T T T 1T T T T T1rrT T -1
105 = I I- H I Combined 27.5136.1 bt I — “ —CMS T T T L T T LI | 3?-9 b s Te\{-)
= ATLAS Preliminary — prys. Lett. 5800 (2020 135103] > € E —— bbivlv JHEP 1801 (2018) 054 3
- VS =13TeV, 27.5-139 fb~! bbbb 126139 fo~! . — F _ 3
| Spin-0 T [ATLAS-CONF-2021-035] i T u —— bbre PLB 778 (2018) 101 ]
4 _ bbT*t" (resolved) 139 fb~1 T —— bt JHEP 01 (2019) 051
10 £ [ATLAS-CONF-2021-030] E i 0E —— bbbb (2+2) JHEP 08 (2018) 152 E
- \ — B%TE‘”F,T;1(?§8233‘;¢11)61§9 fo~ . T - —— bbbb (2+1, 1+1) JHEP 01 (2019) 040 -
L bBvy 139 fb-1 4 % B —— bbyy PLB 788 (2018) 7 ]
103 - - [AT\II_\/I\S-CONF-2021-O16] = ‘6’ s Comb. (2+2, 1+1) PRL 122, 121803 (2019)
- 3 c 0CE /. —— bb2qlv arXiv:1904.04193 =
C ] (o] = WO Ao T -
1l i € [ —Observed 7]
10 F 3 = --- Expected
- . 3 O 1P —
- 1 = F -
1 o [ Z
10 F - E (o)) I e S R ]
| —— Observed ] e AT
o| ---- Expected =~ - ) :
10 F = 1 1 1 1 1 1 1 | 1
L el = 300 400 500 600 700 1000 2000 3000
200 300 500 1000 2000 3000 my (GeV)
mx [GeV]
ATL-PHYS-PUB-2021-031 https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
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Searches for Exotic Decays

* Lepton Flavour Violating Decays, H — et
* Decays to pseudo scalars, H = aa
* Decays to invisible particles, H — inv

15.09.21 | Hale Sert on behalf of ATLAS and CMS Collaborations |
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#8y Lepton Flavour Violation Searches
ez n" using 2016 dataset
* BDT scores are used as final variables  Collinear mass distributions are used as
* VBF and non-VBF categorizations discriminating variable
@ ° Mgy = Mys/ /x”‘s where x is the fraction of
L ATLA|S rTTTTTET _gbserve(“ S momentum carried by the visible decay products
FXPERIMENT fs=13TeV,36.1 1" == Expected + 1o
Expected + 26 35.9 fo' (13 TeV)
e, VBF . i = -1.2870% E B CMS —e— Observed CMS
10 (on2) | ! oo T .| ut , combined — Expected
wt_ VBF 0099058 ) 10 g " [ 68% expected
358 (o) E =0 En; r [[]95% expected
e | A-02403 Tt
T non- 0 031 %) i
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* No excess is observed
e Upper limits on branching ratios and 0 XBR are set
* Yukawa couplings are constrained
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Summary
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* Many Higgs searches are ongoing in beyond the SM theories

* Only a few representative results presented here - see the ATLAS and CMS public results
pages for the full set:
* ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults

°* CMS: http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/SUS.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/EXO.html

e Both CMS and ATLAS results are in agreement
* No excess has been found yet

* Parameter spaces are constrained

* Run3 and Phase2 could be promising for BSM Higgs searches
* An exciting area is upcoming at the LHC!
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4 Beyond the SM Theories
e 1453 O
@2HDM
* Free parameters of 2HDM
© Mmp, My, My, My+ @,tan f§, my,(soft Z, symmetry (H1 —» H1, H2 —» —H2) breaking parameter)
*  The two angles a and 8 can be substituted by cos(8 - a) and tan 8 without loss of generality.
* It has four special types, depending on the way the two SU(2)L doublets are coupled to the fermion sector:
*  Type l: the SU(2)L doublets couple to both up- and down-type fermions equally
*  Type ll: one doublet couples exclusively to up-type and the other exclusively to down-type fermions
* Lepton specific: the quarks couple to one of the Higgs doublets and the leptons couple to the other
*  Flipped, with cos( — @) = 0: the up-type quarks and leptons couple to one of the Higgs doublets, while the down-type
qguarks couple to the other
@MSSM

* There are many benchmark scenarios
© hMSSM and M™% benchmark scenarios

. M,llzs benchmarks proposed in 2019 to be compatible with the Run 2 results are commonly used scenarios

@NMSSM: Next to MSSSM

* The theories can be further extended by a scalar
+ NMSSM: two complex Higgs doublets + one scalar complex singlet => 7 Higgs bosons h, H;, Hy, A1, A, H:

@Heavy vector triplet (HVT) model

* which is a simplified model providing a broad phenomenological framework for heavy resonances coupling to
SM fermions and bosons

*  This model introduces heavy spin-1 particles, referred to as W' and Z'.
@ Technicolor, little Higgs, a more complex Higgs sector, warped extra dimensions
* predict the existence of heavy resonances that predominantly decay into pairs of bosons, including WH and ZH.

@ type-ll see saw model,
*  Predict 7 scalar bosons, H¥* , H*, A°, H° and h° after EWSB
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Mass Hierarchies in 2HDM (JHEP03(2020)055)
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* 1253 ¥ 4

Conventional,

* where A is degenerate in mass with the

charged scalars; and > |
Q, CAH* AH*  HH*  HHY
c f
Twisted,
* where H is degenerate in mass with the
charged scalars.
H A
In both scenarios, the lighter of the A and h h h h
: : : 1251 |
H bosons can be either heavier or lighter
than the observed Higgs boson h(125). H A
Conventional Twisted
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e The classification:

No b-tag b-tag
H—7r— eu Low-D, Medium-D || High-D, Low-D¢ Medium-D¢ || High-D,
H— 711 —er hh | Loose-mr Tight-mT Loose-mr Tight-mt
H—7mr— UTh | Loose-mt Tight-mr Loose-mt Tight-m

H— 71— mm

Z — pp

oo

Signal region (SR)

: Control region
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- Charged Higgs Boson Searches
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« ATLAS

W
Pair production [1‘1’\ @
o A w  ATLAS

* - EXPERIMENT
vz s

« CMS

7 mys+ <my:-100Gev W

g My+: — My < 5 GeV T;F
HITi

) * The charged bosons are produced via VBF
is proposed in type-ll see saw model. in the Georgi—Machacek (GM) model
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L,
¢ H™* > W*W?* and Hf > W2 W
N 4\4" using the full Run 2 dataset
1453

Variable WHW* WZ
Leptons 2 leptons, pt > 25/20GeV 3 leptons, pr > 25/10/20 GeV
P >50/30 GeV >50/30GeV
|myy — my| >15GeV (ee) <15GeV
myy >20GeV —
Mgy — >100 GeV
pimiss >30GeV >30GeV
b jet veto Required Required
Th veto Required Required
max(z;) <0.75 <1.0
mj; >500 GeV >500 GeV
|Ai7jj | >2.5 >2.5

* The Georgi—Machacek (GM) model, includes both real and complex triplets, that preserves a global
symmetry SU(2)L xSU(2)R, which is broken by the Higgs VEV to the diagonal subgroup SU(2)L+R.

* Thus, the tree-level ratio of the W and Z boson masses is protected against large radiative
corrections.

* In this model, singly (doubly) charged Higgs bosons that decay to W and Z bosons (same-sign W
boson pairs) are produced via vector boson fusion (VBF).

* The charged Higgs bosons Hx and Hxt in the GM model are degenerate in mass (denoted as mH5 )
at tree level

* Production and decays of the H5 states depend on the two parameters mH5 and sH, where s2H
characterizes the fraction of the W boson mass squared generated by the vacuum expectation value
of the triplet fields.
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