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Motivation

* Extensions to the SM Higgs sector can introduce additional fields that produce additional
Higgs bosons.

 Two Higgs Doublet Model (2HDM, e.g. MSSM): * Many other models with extended Higgs
e CP conserving case: 5 Higgs bosons: sectors:

a H H H H Electroweak Singlet model

* Higgs triplet model
* Georgi-Machacek model
e« 2HDM + singlet (e.g. NMSSM) Plan for Talk
* 7 Higgs bosons:

* + many more
 5of the 2HDM
e 2 additional neutral bosons (1 CP-even and 1-CP odd)

Many BSM Higgs results using the full
LHC run 2 dataset from CMS and ATLAS.

| will present a small subset, including a
few moderately new and some new

results.
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" Compact Muon Solenoid

@ATLAS Current Status

EXPERIMENT

* Showing the current status of the hMSSM (type Il 2HDM) with CMS and ATLAS exclusions.

* Still a few full run 2 results to be released and added to these plots.

tanp

CMS Preliminary

35.9-138 fb™ (13 TeV)

hMSSM

\\\\\

Observed exclusion 95% CL

Expected exclusion 95% CL

h(125)
EPJC 79 (2019) 421

10 AH/h = 11
arxivi2208.02717 *
6 H — WW(212v)
HIG-20-016) *
5 ( )
4 H — hh (bbyy)
-
3 / HIG-21-011
‘.5‘ HIA - tt
o |- [ JHEP 04 (2020) 171
\ \ "\ A = Zh (i)
\ﬁ\ \ \ JHEP 03 (2020) 65
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
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~~—"ATLAS Preliminary-
5 hMSSM, 95% CL limits
4 Run2, Vs = 13 TeV .
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--- Expected
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[ gg/bb H/A, HA — 1t
139 fo™
Phys. Rev. Lett. 125 (2020) 051801

| o) HL H > v, 36.1 b

JHEP 09 (2018) 139
[ b(b) H/A, H/A — bb
27.8 b
Phys. Rev. D 102 (2020) 032004
[ H > ZZ - 4l/ivy, 139 o™
Eur. Phys. J. C 81 (2021) 332
A = Zh, h - bb, 139 fo’'
arXiv:2207.00230
[0 tb) H', H > tb, 139 fb!
JHEP 06 (2021) 145

0 H - WW - iviv, 36.1 b

Eur. Phys. J. C 78 (2018) 24
[ H — hh — 4b/bbyy/bbrr
126 - 139 fb
ATLAS-CONF-2021-052
h couplings [, K, k4]
36.1-79.8 b
Phys. Rev. D 101 (2020) 012002
[ ttH/A, H/A - tt, 139 b
ATLAS-CONF-2022-008

Ll

2000

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-043/
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-043/
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ATLAS-CONF-2023-035 CMS-PAS-HIG-20-002

@ATLAS Low Mass H = yy

o) ATLAS Prehmnna e Dat =

EXPERIMENT 314000: et 140fbfy aa. =

2 42000 H- vy === Continuum Background 3

e 100005 UU3 Category — Total Background _E

* There are many 2HDM extensions which can give rise to additional 8000F- E
low mass Higgs bosons. 6000F- 3
. 4000 =

* CMS observe an excess of local (global) significance of 2.90 (1.30) at 2000:_ E
95-4 GeV- " | N " | N N 1 | M 1 | 1 1 1 1 I N " .".'i

* ATLAS observe a local significance of 1.70 at 95.4 GeV. + %t ++++§+ Py *## ‘++++++++‘ m. ..+.+++i+ *#M*ﬁ .

(data - fit)/o
A IS
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> 100 l l 1 w 1 :I T 17T | LI | LI | LU | LI | LI | LI | LU T T
[0} H —) yy ] 5 E 3 o |
2 [ m, =954 GeV ¢ Data 1 © ] = = -
@ g H — S+Bfit 7 > . S E =
€ i ] S Y /A A N A | 7 A | R O A Y i = -
by TN e B component 2 107 = Q C 3
0 - 1o . K E £ § - i
- 60 20 ] e N ] - ° ]
%, - ] 1 3 L 420 3 oL B
fe) i ] 102 = = =
o 40 B - F H = : _
= ] - Hoyy ; - -
?; 20~ ] 1073 T —E 30 B I
= r N E 3 102 =
2 ol 1 [ ——— Observed 13 TeV (2016) ] - ATLAS Prellmlnary — Observed 3
600 - Component subtracted 4 10k T Observed 13 TeV (2017) § - 5—1 3TeV, 140 fb™ a
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https://cds.cern.ch/record/2862024
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html

Events

ATLAS BSM H/A — tt

¥

EXPERIMENT

ATLAS-CONF-2024-001

g t
Search motivated by 2HDM (e.g. hMSSM).
Large interference effects with SM background. A_/é’
x10° | . m . o - o |
ATLAS Slmulatlon Prellmlnary g 12000 ATLIAS Simulation IPreliminary
150 g 0T TEREVERINS | Droosor STTTMOMT —medmaood _
Parton level, no selection 500 GeV, tanfi = 1.4 Parton level, no selection 800 Gev, tanf = 1.4 g t

—— 500 GeV, tanf = 2.4 —— 800 GeV, tanp = 2.4
Pseudo-scalar A Scalar H

100
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=0 4000
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= 0 A B B R aa s = WY AR R AR RAANRARARRARES a sy .
L ] 0 LLI_II—' 5 E A'II'LAS Prellmlnary ¢ Data II:WI i 5 1OBE—ATLAS Prellmlnary ¢ Data I:]“ I -

L ] 2000 [! o 105 (s=13Tev, 14017 [DW+jets  [Multjet < 3 E ys=13Tev, 140fb" MMSingletop [ Z+jets 3
_50__ ] - E AH = (t, 1-lepton [ Single top [ Z+jets B 107 [ AH - it 2-lepton [ Diboson Ctt+v ]
P R = P B B T S 107 - Resolved 2b [EDiboson  []tt+V E E mt+H MlFakes 3
300 400 500 600 700 800 400 600 800 1000 E Wt+H % Uncertainty 3 105-_ % Uncertainty N
ok .

mtt%eforeFSR [GeV] mgeforeFSR [GeV] 10 E . e e e %2 f_._,_._’_._,—o—'_’_:

[ I 5 — —

a3 = %

Use resolved and merged b jet categories as well as 1 and 2 lepton - _ =

final states. e

The resolved events with 1 lepton are categorised in |cos 8| and
number of b jet bins.

g.
g.

© 'm,=500GeV, tanB=2.4 x 5
—— m,=800GeV, tanB=0.4

g L m,=500GeV, tanB=2.4 x 5
-01.— —— m,=800GeV, tanB=0.4

W%/ 7

01 02 03 04 05 06 07 08 09 1 00102 03 04 05 06 07 08 09 1

Reconstructed H/A mass is used as the final discriminator. [cos6] Ag fn

Ratlg to Bk
b -
o
01

Rati_(‘) to Bk
o
o
o

Y

The 2 lepton events are categorised in A@;; bins.
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https://cds.cern.ch/record/2891813

?ATLAS BSM H/A — tt

Events

Ratio to Bkg

EXPERIMENT

Results showed no statistically significant fluctuation away from the SM

expectation.

Small deviation was observed at 800 GeV with a local significance of 2.3c.

hMSSM exclusion limits range from tan 8 at 3.5 to 0.5 for a A masses between

400 GeV and 1.1 TeV.

| LA B LS NN BN N SN BN
10’ & ATLAS Preliminary ¢ Data et
{s=13TeV, 140 fb" [JW+jets [l Multijet
10° AH — tt, 1-lepton [l Single top [l Z +jets
Eizg'f’lgg gb [ Others % Uncertainty
10° s In ratio plot:
m,=500GeV, tanfi=2.4 x 5
10 —— m,=800GeV, tanf=0.4
10°
10
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1
1,04_---------1'--1/- %
1.02f

—
N T

0.98

l .-47 %
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Events

Ratio to Bkg
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LA L DAL BN IR L L B
108:E ATLAS Preliminary ¢ Data et Q:
E Vs=13Tev, 140fb" [JW+jets  [llMultijet 3
10’ AH - tt, 1-lepton [l Single top [l Z+jets .
E Merged % ; 3

E [ Others % Uncertainty 3
105 In ratio plot: J
E m,=500GeV, tanf=2.4 x 5 3

B — m,=800GeYV, tanB=0.4 1;'

10*

10°

1.041

1.02F -

0.98F -

400 600 800 1000 1200 1400 1600 1800 2000
mg [GeV]

ATLAS-CONF-2024-001

ATLAS Preliminary
Vs=13TeV, 140 fb™"
hMSSM

Observed exclusion |

Expected exclusion |
(10 and +20)

1400
ma [GeV]
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https://cds.cern.ch/record/2891813

PLB 850 (2024) 138478

t
* Motivated by the g2HDM (2HDM without Z, symmetry). Of interest for
baryogenesis and the muon g-2 anomaly.
* The analysis is optimized with a boosted decision tree to target both p;,, and p;.. q
* No deviations from the SM predictions observed.
CMS 138 fb' (13 TeV) CMS 138 fb" (13 TeV) CMS 138 fb" (13 TeV)
L r T T T T T 1030:9- u C“ vy :>: 8 L L L L L B B
o o O 1n7
b} N >, o o10 — Observed
= i 10° 2 =T g2HDM Expected
T B T ©10 Interference e =01
< 0.8 < B mA - mH =50 GeV tu
) = D I 5 =P =04
A8 2 gz U= 1.0
. s 5, w
? i 10 ? = 10 [ 68% expected
2 0.6 g =40 95% expected
o o ()
E E
10'g © 5
Q. 1 o
o o
> >
- -
O o O
X N 2
Lo Lo 10 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
300 400 500 600 700 800 900 1000  © 300 400 500 600 700 800 900 1000  © 300 400 500 600 700 800 900 1000
m, [GeV] m, [GeV] m, [GeV]

8/16


https://www.sciencedirect.com/science/article/pii/S0370269324000170?via%3Dihub
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CMS-PAS-B2G-23-006

A - ZH - lltt

20000099999 Z
Y Afﬁrﬁ P
* “Smoking gun” channel for first-order electroweak phase transition in the 2HDM. S H
gn \‘\\
1.5 2.0 2.5 3.0 3.5 4.0 29999999999~ ™
(HL—)LHC searches for pp y— A — ZH — 7t
. ] t
900 - '
_ ! 4
= ] < 1800
3 g ] _ _ 3 CMS Preliminary L1 050
=.ol0 ] >2b-tags | CR-nj-2b-SB CR-nj-2b-SB = 16001 138 fb (13 TeV) I 1.00
N ] 4 1 1.50
: 1 1btag | CRnj1b-sB CR-nj-1b-SB 1400 e
700 FZ . 1200} 3.00
: Proj. 95% C.L.exc. |  Ob-tags CR-nj-0b 560
: o No FOEWPT or gn <1/ >
600 NN, 200 L2 o L AT TSV TRV RTETY FEVETIEY J mz +5 GeV | 800}
400 500 600 700 800 000 i
mp [GeV] with n = 5, >6 600}
Thomas Biekotter et al JCAP03(2023)031 0
2007
* Use fully hadronic decays of the top quark pair. 0 00 WO 600 A
* The analysis uses signal categories binned in the number of jets and b jets.
* As a final discriminator , an unrolled distribution of p% and Am is used. Am = Mgy — My R My — My
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https://iopscience.iop.org/article/10.1088/1475-7516/2023/03/031
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG/index.html

Events/bin

Events/bin

Events/Bkg.
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" Compact Muon Solenoid

CMS Preliminary 138 fo~' (13 TeV)
— 7T
(ma, my) = (1000, 350) GeV (ee + pu channel), post-fit

| ¢ Data 77, Total uncertainty W Z/y + HF  mm VvV
— Sig. (0.0:0.1 fb) W + jets ft fiw
—— Sig. pre-fit (25 fb) Z/y + LF ttz single t

SR-5j-1b
.
Y 1
=1

SR-6j-2b SR-5)-2b SR-6j-1b

CMS Preliminary

(p% x Am) bin number

138 fb~1 (13 TeV)
CALEEUERL

106 ¢ Data 7/, Totaluncertainty W Z/y + HF | Y -
— Sig. (17.0+8.0 fb) W + jets tt ttw
—~ Sig. pre-fit (25 fb) Z/y +LF tiz single t

1 04 I -
SR-6j-2b SR-5j-2b SR-6j-1b

——T—
(ma, my) = (1000, 850) GeV (ee + pp channel), post-fit

—_

| j;g—%w . F_} ; | ) | 4 |

4

- - PR IR
15 20
(p% x Am) bin number

Median exp. 95% CL limit on o(ggA)x BR(A - ZH x H — tt) (pb)

A - ZH - lltt

No statistically significant deviation from the

CMS-PAS-B2G-23-006

SM expectation was observed.

Type Il 2HDM exclusions limits set at low tan 8

values.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG/index.html

Events / GeV

Data/SM

ATLAS A —» ZH — lltt and vvbb

QZ
|
g

EXPERIMENT

different regions of phase space.
lltt channel.
GeV in the lltt channel.
_I TT I LI l LI 1T LI I T T T | LI | 1T T 1T T |_
102) ATLAS S Wy a
; Vs =13 Tev, _140 i = tZEW+tiH+tEWW+tEtE ;
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; Signal Region Sﬁce_rtainty ;
B -=4== Pre-fit Background -
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Complementary searches as they are sensitive to

Use semi-leptonic decays of the top-quark pair in the

Observed a 2.850 local excess at (m,,my) = (650,450)

———
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https://arxiv.org/pdf/2311.04033.pdf

SYATLAS A — ZH — 41 + jj/ET
EXPERIMENT mlSS
* Motivated by the 2HDM and 2HDM+S. .
¢ 9 gt/
* Targets final states with 4 leptons (either from the Z or H) and p - g iy
one of two jets or some missing energy. A o+ A n
. . . . 4 \ Z
* Search fits the 4-lepton mass spectrum with various categories H\ 0~ H\ -
to target the other final state object/MET. 7 j/inv Y 24
* No significant deviation is observed. J jmv g -
> 2__ATLIAS ' ' | ' 'aa ' | | 1 —1 —10° o = 1300
§ ° V5= 13TeV, 130f™ |£I(Dm:.mH)=<s1o.aso>GeVE 0 o : YEs 1200
3 | gﬁ—é ZH - 4¢+ X — Background | o 1200£— 1 7 § % g
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p Ll o0 ATLAS 1 10 Jio13Tev, 130 | =
8 Lt ] 500F 1 \/s=13TeV,139fb" | ’ ] x
& \ | g Observed 95% CL. upper limits 1 b
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https://inspirehep.net/literature/2745376
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\ Z* N h/HA — 41_ CMS-PAS-SUS-23-007

|
|
|

. . 7 +
* Motivated by the type X 2HDM at large tanf as an explanation of the muon g-2 1 T
anomaly. A -
" //’ T
* Search excludes the allowed region for the g-2 anomaly with a type X 2HDM. Z ’
. : "
* A complete exclusion of the type X 2HDM for many of the mass points scanned. h/I}\<
q T
- A - -1
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https://cds.cern.ch/record/2883026

Conclusion

* Wide scope of BSM Higgs boson searches released by ATLAS and CMS!

CMS/! —
Zz A ZH - Utk
s CMS Preliminary 138 fb-' (13 TeV)

* New results presented:

? S BSMH/A - tf
EXPERIMENT
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P Phys. Rev Let. 125 (2020) 051601
N 232 /| HOH v, 361 !
~~ Expected exclusion 95% CL e JHEP 09 (2018) 139
N g (@ bib) HIA, HA — bb
7= & 278"
h(125) H Phys. Rev. D 102 (2020) 032004
EPJC 79 (2019) 421 : 0 H 22 > vy, 139 16"
Lo Eur. Phys.J. C 81 (2021) 332
A/ > = o A 2Zh,h—bb, 139 16"
* = ankiv2207.00230
arxiv:2208.02717
rxiv. _ — [ th) H', H > tb, 139 fo”
ATLAS Preliminary JHEP 06 2021) 145
hMSSM, 95% CL limits | 20 H - WW - viv, 36.1 16"
Run2 Y5 13 TeV 4 Eur.Prys. 4.C782016) 24
R un2, V5 - 13 Te @ H - hh — 4b/bbyybbrr
H = hh (bbyy) — Observed B 126 - 139 fb"
HIG-21-011* > --- Expected ATLAS CONF-2021.052
— a h couplings [, Ky k]

H - Ww(2l2v)
(HIG-20-016) *

36.1-79.81b"

H/A - tt ool

JHEP 04 (2020) 171 = T Phys. Rev.D 101 (2020) 012002
= E 8 ([ tHA, HA > tt, 139 fo!

L ATLAS CONF-2022.008
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* Looking forward to more run 2 and first run 3 results BSM Higgs results! )
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