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BSM?

BSM Higgs

Decays of h_ . into exotic (or higly Searches for new Higgs bosons
suppressed) signatures

h — aa High mass H

h — meson +Y H*

h — £ A (pseudoscalar)
h — dark photons H*

- Large interplay between models
- Sometimes more useful to think about topologies before models
- Division somewhat arbitrary
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BSM?

Large group of analyses

o Will only pick a few instructive and
BS M H Iggs interesting ones

Decays of h_ . into exotic (or higly Searches for new Higgs bosons
suppressed) signatures

’ ‘on +y

h— §
h — dark photons

High mass H
Hi

A (pseudoscalar)
H++

- Large interplay between models
- Sometimes more useful to think about topologies before models
- Division somewhat arbitrary



The Higgs sector in the SM

Minimal request is one electroweak doublet

b — 1 o1+
V2 \ @0 + 193

. Necessary to provide mass (L polarization) to W* and Z
. The extra d.o.f. originates the Higgs scalar

Many of the BSM scenarios deal with extra
singlets/doublets/triplets



Disclaimer

Extending Higgs doublet necessary (not sufficient!) in many BSM
scenarios

SUSY, DM, EWPT, ...
A perfect candle: many different theories need complicated Higgs sector
It can also just be that nature is non-minimal (shocker...)

Different people gravitate(d) around this topic for different reasons

From experimental point of view though better to think in terms of
additional d.o.f. an extension provides



Next-to-minimal-ish: 2ZHDM

Additional electroweak doublet (optional: plus a singlet)

¢:L P1 + 12 gblzi G5 + 1
V2 \ @3 + 194 V2 \ @7+ i

At least 5 degrees of freedom available
=>» CP-even (h, H) CP-odd (A), H*

With few assumptions, free parameters of the theory: m,m,m,m_., tanf3, a
a is the mixing parameter between h and H ANy
//I /V@ \\\‘\
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Difficult to produce common benchmarks *\%'efd 7%5;\ -
- 44 /C/.@/” \/'

N (o)
— Extensive work within the LHC HXSWG ‘*\‘\"@/./
Parameters can be constrained in particular incarnations of 2HDM h

— In MSSM, d.o.f. reduced to two parameters — m and tanf



YR4: Deciphering the Higgs sector

870 pages, a large fraction dedicated |58
to Extended Higgs sector

A massive endeavour...




Couplings in 2HDM

All mass eigenstates couple to both h and H in all

configurations, but couplings depend on model

Type 1 Type 11 Lepton-specific Flipped
# | cosa/sin 3 cos a/ sin 3 cos v/ sin 3 cos a/ sin 3
4 1 cosa/sin 3 —sin a/ cos cos v/ sin 3 — sin a/ cos 3
' | cosa/sin 3 —sin a/ cos 3 —sin a/ cos 3 cos a/ sin 3
% | sina/sin g3 sin ¢/ sin 3 sin a// sin 3 sin a// sin 3
¢ | sina/sin 3 cos a/ cos 3 sin a/ sin 3 cosa/ cos 3
¢ | sina/sin 3 cos a/ cos 3 cos a/ cos 3 sin a// sin 3

Different scaling of up
and down fermions

gnvy Xsin(f — a)

Different scaling of
leptons and quarks

Different scaling of up

and down quarks, leptons

flipped

g vy X cos(f — a)




Typical topologies

Signatures depend on mass hierarchy and coupling structure

High mass:

H — hh, H* > W*Z, H - AZ, A— Zh, H—tt ...

500

Mid-high mass:

Mass degeneracy

A H* H.H* H.H* AH*
. A/H — 11/bb/u/WW/Z2Z
“;\:
Low mass: = i A
e A— TT/bb/uu 125 h h h 2
e OQOverlap with low mass A _h
pSGUdoscaIar (See Iater) . MSSM-like im2HDM im2HDM 2HDM
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A/ H TT Phys. Rev. Lett. 125 (2020) 051801

Search in T epThad and LI channels in range [0.2,2.5] TeV

— Single lepton triggers ~ 25 GeV, single T around 150 GeV

“Bump” hunting over the transverse mass spectrum defined with missing energy

tot __ 71 SS miss
mt = \/(p% + p% 4+ EXsS)2 — (pf + p? 4 Emiss)2
> 46 | T T T
o 10°E ATLAS Vs=13 TeV, 139 ' 5
. . . . . ..\‘B - TiepThad b-veto e Data ]
N, ... categorization to exploit different production & 10°= == A0 e @G fako g
Jet Lﬁ oo A;H(1000)><100, tanp=12 %I\ZA/}I/t'j%t” 3
sooees A/H (1500)x100, tan =25 ultije _
mechanisms 10°E Oz S
- [JOthers -
B 2. Uncertaint: i
— Dependence on tanf3 for bothband 1 10°E =
:
e annrm:ﬁ“"“’“_j =
o E T T 3
§ 1.1§— 1
_g 1 ?. 2.2 ///)///A’/ﬁ/%/////‘///// %
o 09F E
25 30 40 50 60 70 80 100 200 3b0

Thad-vis pT [GeV]


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.051801

A/H— TT

Phys. Rev. Lett. 125 (2020) 051801

= T T T T T T HL T T T T 1 | B — T T T 1 L
- _ 1 80 F I I I | =
10t AT’-ASb";Sa— 19 T8, g2 To j E ATLAS (5=13 TeV, 139 fb” :
3 [ scoces A/H (400), tan B=6 Topquarks ] 70 [ h L. -
10 E acooes A/H (1000100, tanp=12 [l Jet—7 fake 5 L HIA > 1T, 95% C.L. limits -
~ xxa A/H (1500100, tan B=25 :Il\zll/jllt*—)tﬂ = 60 - il
2 —JMultije
> 19 %g{g*—ﬂl E [  —— Observed 2
()] ers - ~ =1
S 10 7. Uncertainty —| 50 - T Expected -
-~ = 3 «Q N t1c ]
n = 3 - .
c 4L = E +20 ]
2 : + 40 - mmm Not applicable e
107" - ]
E ----- 30 -
10—2 E._ ooy E E
a SN 20 -]
107 g“.ﬂf‘ﬁ“f"? P - :
§ 10 E
:5 1 B ///W/////w///////l///////WW/ [ N B el i w4 it e m i ms E
Q
o B . . 500 1000 1500 2000
50 60 100 300 400 1000 150(
mt;" [GeV] m, [GeV]
Source ggF (400 GeV) ggF (1TeV) bbH (400GeV) bbH (1TeV)
Tau id. efficiency 0.14 0.16 0.12 0.08
Tau energy scale 0.33 0.09 0.22 0.03
Z+jets bkg. modeling  0.27 0.19 0.08 0.04
Mis-id. Ty .4-vis Pkg. 0.22 0.01 0.14 0.03
Others 0.09 0.04 0.11 0.02
Total 0.54 0.28 0.45 0.13
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.051801

A new hope

»
Fraction of

Models Excluded
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Combining into hMSSM

ATL-PHYS-PUB-2021-030

July 2021
Q. 60 [ gg/bb H/A, HIA — 11
c 4 139 fo'!
S 40 g Phys. Rev. Lett. 125 (2020) 051801
30 o/ I o) O H > v, 361 1
t4
'c JHEP 09 (2018) 139
A b(b) H/A, H/A — bb
20 v g L 2(7.:; o'
'," Phys. Rev. D 102 (2020) 032004
< H — ZZ — 4lllivy, 36.1 fb
1 O — Eur. Phys. J. C 78 (2018) 293
d0 1 A>zn 361 10"
Lo = JHEP 03 (2018) 174
ATLAS Preliminary | @ to) H'. H —tb, 139 o™
5 hMSSM, 95% CL limits 7] JHEP 06 (2021) 145
4 Run 2, Vs = 13 TeV @@ H > WW - Iviv, 36.1 fo"
3 — Observed ] Eur. Phys. J. C 78 (2018) 24
B H - hh — 4b/bbyy/bbr
--- Expected 27.5-36.1 b
2 7 Phys. Lett. B 800 (2020) 135103
=== h couplings [k, Kk, K]
36.1-79.8 b
1 L Phys. Rev. D 101 (2020) 012002
hMSSM: 200 1000 2000

e h___interpreted as lower mass Higgs boson

125

m, [GeV]

® (P conserving Higgs sector
® Superpartners too heavy to contribute to production and decay

Strong limit provided by constraints from h_ . 14


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-030/

2HDM + S

Common extension (see for example NMSSM)
Helps solving the “p-problem”

Add one singlet

L [0+ r b (s +igg
¢ = V2 (Cbs + ’i¢4> ¢ = V2 <¢7+i¢8> +os

Typically searched in a “lower” mass boson in pp/17/bb

- Of particular interest in h — aa decays

Highly Lorentz boosted resolved
< @ =

a— uu ~15 GeV
‘ .a—>rr !a—>bb

2m, 2m, 2my, m, 15




(13 TeV)

0-6 T I T T T T T T T T T LI T T | T T
CMS

Simulation X " —a

0.5

h/H — aa — putT

0.4

Search for collimated dilepton pairs
3.6< m_ < 21 GeV

0.3

0.2

7,7, reconstruction efficiency

I[II|IIIIIIIII'IIII|IIII|II]I
IIII|IIII|IIII|IIII|IIII|II1I

o . . . . 7T T
Require isolated p trigger with p_ > 24 GeV s 5 HPS S
T o —e— m,, = 125 GeV @ M, = 125 GeV
Custom T-pair algo for collimated objects —4— m, =300 GeV ke m, = 300 GeV
. . 0 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 | 1 | 1 1 1 | 1 1 1 | 1 1 1
— allow for a non-isolated p in one T decay B 8 W = ® I8 1| =
m, (GeV)
Final state is p'p'Th/eTu JHEP 08 (2020) 139
PPN 1 3L SOOI - ko)
%.) 10° :_CMS ¢  Observed - 8 - CMS ¢ Observed
9 £ Sideband Background model 3 o 10° ;Sideband Background model E
o - m,=125GeV,m =7GeV = - m,=125GeV,m =7GeV
-og 10 B(H — aa — pptr) =5x 10* 3 .g 2__ my, =300 GeV, m, =7 GeV __
o - E o 107 B(H — aa — pptt) =5 x 10* 3
— LU E ]
w b 4 0 2.5 < m(up) < 8.5 GeV ]
10F + + {' JE 10 3
e E 1_ i
; /\ ] AN
10-1 bl 1 g ool 1 S 10_1|\7*|
o 2F e, oas. &48 i ;+ o) 2F {T ]
i 3;«».&@ L g IRt B S| IUURRR S J, m A
@ 3 4 5 6 7 8 g % 700 200 300 400 500 800500 500 16
o m(up) (GeV) g m(upt ) (GeV)


http://dx.doi.org/10.1007/JHEP08(2020)139

2HDM+S h— aa combination

ATL-PHYS-PUB-2021-008 tanB =0.5 Run2Summary@HDMS
CMS Pre/lmmary 35.9 fb (13 TeV)
ATLAS Preliminary © 10° SR 7
March 2021 2HDM+S
Run 1: Vs =8 TeV g 102 e
Run 2: s = 13 TeV EES = janssl0-
2HDM+S Type-II, tanp = 0° ’o"’ 1oL y | j

=== expected £t1c
observed

95% CL on

Run120.3 fb' H— aa— pptt
PRD 92 (2015) 052002 10—1

Run 120.3 fb™' H— aa— yyyy
EPJC 76 (2016) 210

IIIIlIII| IIIIIITI'I IIIIIm| IIIIIIII| IIIIlIII| TTTIT

. 1072 =

Run 2 36.1 fb' H— aa— pupp - & 3

JHEP 06 (2018) 166 |:| Observed exclusion 95% CL 3

sssss. Expected exclusion 95% CL N

— Run236.1fb" Hoaasbbbb 1073 i 3 —=
JHEP 10 (2018) 031 h— aa — pupp h— aa — trte E

PLB 796 (2019) 131 PLB 800 (2019) 135087

__ Run236.1fb" H— aa— bbbb h— aa — putt h— aa - ppte -
PRD 102 (2020) 112006 107 JHEP 08 (2020) 139 JHEP 11 (2018) 018 =

_q h— aa — pubb h — aa — bbzr p

Run 2 36.7 fb™ H— aa— yygg PLB 795 (2019) 398 PLB 785 (2018) 462 ]

PLB 782 (2018) 750 10—5 1 1 1 1 1 1 L1 | 1 1 1 1 1
Run 2 139 b H— aa— bbuy 1 2 3 4 5678910 20 30 40 5060

ATLAS-CONF-2021-009
m, [GeV] m, (GeV)

All topologies necessary to fully investigate the spectrum
Most are statistically limited
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

2HDM+S h— aa combination

ATL-PHYS-PUB-2021-008

Rame

m, [GeV]

tanf3 =2

ATLAS Preliminary

March 2021

Run 1: {s =8 TeV
Run 2: (s = 13 TeV

2HDM+S Type-II, tanf3 = 2

expected 16
observed

Run 120.3 fb™ H— aa— ppte
PRD 92 (2015) 052002

Run 120.3 fb™' H— aa— yyyy
EPJC 76 (2016) 210

Run 2 36.1 fb™ H— aa— pupp
JHEP 06 (2018) 166

Run 2 36.1 fb™' H— aa— bbbb
JHEP 10 (2018) 031

Run 2 36.1 fb™ H— aa— bbbb
PRD 102 (2020) 112006

Run 2 36.7 fb™' H— aa— yygg
PLB 782 (2018) 750

Run 2 139 fb™ H— aa— bbup
ATLAS-CONF-2021-009

Sn
Ogm

95% CL on

B(h— aa)

Run2Summary@HDMS

T TTTI

T IIIIIII| T IIIIIIII T TTTTI

CMS Preliminary 35.9 fb! (13 TeV)
T T T T T T T T I T T T T H
2HDM+S type II
tanf = 2.0

[ Observed exclusion 95% CL

=== Expected exclusion 95% CL

h— aa — pupp

PLB 796 (2019) 131

h— aa - putt

JHEP 08 (2020) 139

h — aa — pubb

PLB 795 (2019) 398
[ R B R |

h— aa — 1111
PLB 800 (2019) 135087

h— aa - putt
JHEP 11 (2018) 018

h— aa — bbtt
PLB 785 (2018) 462
1

1 1 Il

All topologies necessary to fully investigate the spectrum

Most are statistically limited

Strong dependence on tanf and sign choice for couplings

5 6 780910 20
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

Higgs triplets

Higgs sector organized in triplets: a nice way to provide neutrino masses
via type-ll seesaw mechanism

— Generic forms suffer for large radiative corrections
Georgi-Machacek: two triplets, one real and one complex
corrections preserved via custodial symmetry

Model predicts several new single and double charged scalars

q W:I:* 7’ Aii

19



Combining on the H_ plane

1 March 2022

Ir‘llll

0.9

0.8 1 Width=10%

sin(6,,)

0.7
0.6
0.5 5
0.4 o
0.3
0.2
0.1

- -
____________________

GM Model, 95% CL limits WRED%
0 B . Ir 13TeV139fb1”|”“|””| |
200 300 400 500 600 700 800 900 1000

mg [GeV]
H5plane benchmark from the LHCHXWG YR4

Very little dependence on h .

Recasting of several analyses into this model

: D R — VV (semi-leptonic)

Eur. Phys. J. C 80 (2020) 1165

| o vz

ATLAS-CONF-2022-005

1 DYy

Eur. Phys. J. C 81 (2021) 332

{ [ o - HEHT > WWAWW*

JHEP 06 (2021) 146

ATL-PHYS-PUB-2022-008
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https://arxiv.org/abs/1610.07922
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-008/

Conclusions

The complete structure of the Higgs sector remains an open question

It can be a powerful tool to hint at what BSM theories are viable

Extended Higgs sector is still a large topic of research with rich
topologies

Overlaps nicely with other BSM searches

Experimentally, lots of issues to overcome
Pushes our detectors and techniques to their limit

Combination among collaborations still an open question
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h/H — aa — pUTT

JHEP 08 (2020) 139

o 2

P

3 18

T 16

&
1.4

T

I 12

M

bI|bw 1
0.8

-3

35.9fb" (13 TeV)

- CMS 95% CL upper limits

— Observed

----- Median expected

- 68% expected

95% expected

IIIIIIIIIlIIlIIIIlIIIl
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m, =125 GeV

o|III|IIIiIIllllillllllllllllllllll

4 6 8 10 12 14

16 18 20

m, (GeV)

Oy

B(H —» aa — pu1r)

Ogswm

3 35.9 b (13 TeV)

2 _I 1T I T TT | T TT I LI I T 1T I T TT I T TT I TTT I 1_
18 :_ CMS 95% CL upper limits m,, = 300 GeV 3
E — Observed 5
1.6 _ N
- e Median expected 7]

1.4 — - 68% expected ]
1.2 :_ 95% expected —
1= .

0IlllllllillIlllillllllllllllllllll:

4 6

8

10 12 14 16 18 20

m, (GeV)

23


http://dx.doi.org/10.1007/JHEP08(2020)139

2 H D IVI +S at H L- L H C CMS-FTR-18-035

5 h-) aa~> 2;121 (13 TeV) %10% h-) aa-> 2M217 3000fb (13 TeV)
T T T 3F

><10
§ g 36" 3 ' § ' —— Wlth Run 2 syst unc ]
. . & 10° -CMS {1 & CcmSs
Pr t| n f r h_) —_—> 2 2T Py —e— 300 fb", with YR18 syst. unc. Py ——=— With YR18 syst. unc.
OJ ec O S O aa IJ § :PrOJectlon+ 3000 fb™!, with YR18 syst. unc. § 2.5pPr OJectlon+ With stat. unc. only
F F
and 2b2T1 channels S | BT :
_E 10F b E’
€ L £ 1.5F 1
Analyses are completely = SO 5
O :’..00" it TYON O
. . . . [ L =2
statistically limited
1:_’//““,.-—————\_\‘;
1;5 2I0 2I5 3I0 3I5 4I0 4I5 5l0 5I5 6l0 q5 2I0 2'5 3I0 3I5 4I0 4I5 5IO 5I5 6I0
m, (GeV) m, (GeV)
CMS Projection 3000 fb™ (13 TeV)
o « 10 : %S
X X
2HDM+S type | % S @ 2HDM+S type I %
—
: 3 mmimin 95% CL on "("’B(h» aa) =10% :
i 95% CL on ﬂB(h‘) aa) 3% 10 5 10 5
EmE 7 wmmn 95% CL on %B(h—) aa) =3% Em = BR Iimits Wi“ mOStIy
Bl 6 Bl getto<10%
c c
(o] o
_' 5 _I . . . .
© o Difficult to be competitive
X 4 N .
© 5 10 at future (lepton) colliders
2 1

‘.
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H**) — vector bosons

VBF H" — W*Z and H™" — W*W" in leptonic decays

Mass degeneracy

— simultaneous search in 200 < m . <2000 GeV range

tt, tZq and ZZ backgrounds estimated from data

inverting b-tag and same-sign selections 137 fo! (13 TeV)
> T T T | T 1 T T ‘ T T T T |
%) L ]
Fit WV 2 2 S | CMS |
I m“ ) mT VvV E '80.15 Preliminary - =
= . — 5 = | —_— H++ = o,
my > Ei )i Pz 3 ww
X | e H" = W'Z - 3iv
)
rrrrrrrrrrrrrr 137 o™ (13 TeV) _ _ wrhi(13Tey) 2
% " cms I ¢ Data L \Bkg.unc. ] % - CMS + Data S 1 8 0.1~ ]
O] - Preliminary H(500)>W'W', s =1 W'W* O] 4 - Preiiminary H™(500)>W'W', s =1 W'W* 1 o
~ - — H'(500)5W*Z,s =1 EEWZ 1 ~ I — H'(500)5W'zZ,s =1 EEWZ s 8
8 15 W omz 4 @ " omz 1 8
o - Nonprompt 1 c B Nonprompt i <
o . tvx g 3 I tvx — [ LT
[ [ Other bkg. ] R B Otherbkg. | 0.05 f .o
o[- ]
i S ]
_ : . | L il | L | 1 Il ‘ L Il L Il |
i ~ 0 1000 2000 3000
. m, [GeV]
j— 5
‘‘‘‘‘‘‘ mom— B .
] % 2
=~ N =
.................. { S E it
— * 8 *
500 1000 1500 2000 2500 3000 % O 500 1000 - 25
m; [GeV] mW [GeV]



Events / bin

H**) — vector bosons

137 o' (13 TeV

~—

11— ata N . unc. —] .
10 - grgllli:inaly + :J‘5°°"’W+W+' 5,1 = ‘I’B"I:?”: - SHUERE O UnRESEAmEY backgroAu}:ld-only
B — H'(500)-W'Z,s =1 EEWZ ] —
- H 2z 1 Integrated luminosity 0.002
10° = porpromet 4 Lepton measurement 0.003
B moterbkg. | JESand JER 0.003
10° B ; | Pileup 0.001
[ . % | b taggi 0.001
- W SR WZSR ¢ i5ie ] Triggilrng 0.001
102, . s " "] Limited sample size 0.005
4 Nonprompt rate 0.002
| W*W*/WZ rate 0.014
107 Other prompt background rate 0.002
s —— ; Signal rate —
% ; Total systematic uncertainty 0.016
T Statistical uncertainty 0.021
o ».*.-‘.+*+‘*+J’+H1”?H T Total uncertainty 0.027
"0 20
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H*") — vector bosons

137 fo' (13 TeV)
3 i ™1 T T T T T T T T ]
& - CMS — Observed
% . Prelimiqgry ¥ 68% expected
7 ===+ 95% expected
= i
ol ,s =1
T 10 o 3
1 L
L
Q
X
£ 8
O 1 0—2
L | 1 1 ] 1 1 - Il
1000 2000 3000
m,- [GeV]
137 b (13 TeV)
Sl ‘_ T T T T I T T T T ‘1
2 -CMS — Observed
N "l_?reliminary = 68% expected
; 1 __ ! == 95% expected
i}
+
L
Q
X
&0
©
1072

2000

73000
m,. [GeV]

0.8

0.6

0.4

0.2

137 b (13 TeV)

- = Observed
- [ 68% expected
B 95% expected
8 -I‘(Hs)lm(Hs)>0.1

500 1000 1500 2000
m,, [GeV]
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