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Special role of the scalar sector

e Higgs potential in the SM

_ 2gt t )2 _ 100
V=—p2olot)(ofe)’ ¢‘f2<v+h(x)>

= mass for Higgs Boson and Gauge Bosons

V] v
mﬁ = 2)\v2, my = gi, mz = g2+(g/)2§

where v: Vacuum expectation value of the Higgs field, g, g’’: couplings in SU(2) x U(1)

= everything determined in terms of gauge couplings, v, and \

form of potential determines minimum,
electroweak vacuum structure

= stability of the Universe, electroweak phase transition, etc

o full test requires checks of hhh, hhhh couplings
= so far: only limits; possible only at future machines [n.-tuc:

constraints on hhhh]
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Models

@ new scalars = models with scalar extensions

@ many possibilites: introduce new SU(2) x U(1) singlets,
doublets, triplets, ...

@ unitarity = important sum rule*

for coupling g to vector bosons

@ many scenarios = signal strength poses strong constraints

*

modified in presence e.g. of doubly charged scalars, see Gunion,
Haber, Wudka, PRD 43 (1991) 904-912.
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What about extensions 7

@ in principle: no limit

can add more singlets/ doublets/ triplets/ ...

= consequence: will enhance particle content

s ™)

additional (pseudo)scalar neutral, additional
charged, doubly charged, etc particles

@ common feature:

new scalar states, which can now also be
produced/ decay into each other/ etc
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Particle content

typical content:
singlet extensions = additional CP-even/ odd
mass eigenstates
2HDMs, 3HDMs: add additional charged scalars

@ e.g. 2 real scalars = 3 CP-even neutral scalars

e 2HDM — 2 CP-even, one CP odd neutral scalar, and
charged scalars
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Other possible extensions

@ A priori: no limit to extend scalar sector
o make sure you
e have a suitable ew breaking mechanism, including a Higgs
candidate at ~ 125 GeV
e can explain current measurements
e are not excluded by current searches and precision
observables
nice add ons:
e can push vacuum breakdown to higher scales
e can explain additional features, e.g. dark matter, or
hierarchies in quark mass sector
o ...

Multitude of models out there
adding ew gauge singlets/ doublets/
triplets...

= new scalar states <

Tania Robens BSM: HH, HHH HHH Workshop, 16.7.23



Models with extended scalar sectors

[ Constraints ]

@ Theory

minimization of vacuum (tadpole equations), vacuum stability, positivity, perturbative unitarity,
perturbativity of couplings

o Experiment

provide viable candidate @ 125 GeV (coupling strength/ width/ ...);

agree with null-results from additional searches and ew gauge boson measurements (widths);
agree with electroweak precision tests (typically via S, T,U);

agree with astrophysical observations (if feasible)

Limited time = next slides highly selective...

[long list of models, see e.g. https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3]

tools used: HiggsBounds, HiggsSignals, 2HDMC, micrOMEGAS, ...
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LHC: Multi scalar production modes

[ Eur.Phys.J. C80 (2020) no.2, 151; JHEP 05 (2021) 193]

Scalar potential

V =pp®Td + 125% + 13X + Ao (PTD)? 4+ AsS* + + X+
Aos®TOS? 4 Aoy dTdX? + A5y S?X2.

Imposed Z, x Z; symmetry, which is spontaneously broken by singlet vevs.

= three CP-even neutral Higgs bosons: hy, h,, h3
Two interesting cases:
Case (a): (S) # 0,(X) = 0 = X is DM candidate;
Case (b): (S) # 0, (X) # 0 = all scalar fields mix.
Again, Higgs couplings to SM fermions and bosons are universally
reduced by mixing.

Tim Stefaniak (DESY) | BSM Higgs physics | ALPS 2019 | 27 April 2019 10

[some material stolen from T. Stefaniak, Talk at ALPS 2019, April '19]

singlet = singlet under SM gauge group
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Possible production and decay patterns

My < My < M3

Production modes at pp and decays

pp — h3 — hihi;  pp — h3 — ho hy;
pp — hy — hy hq; pp — hz — hy ho

h2 = SM; h2 = h1 hl; h1 — SM

J

= two scalars with same or different mass decaying directly
to SM, or hy hy hy, or hihihihy
[h1 decays further into SM particles]

SM
"“irh/. — x(M;)

[ BRs of hj into Xgy = ; kit rescaling for h; |

iMoot (M) +5 & Ty = by b
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Benchmark points/ planes [ASymmetric/ Symmetric]

AS

AS

AS

BP1: h3 — hihy (h3 = hi2s)

SM-like decays for both scalars: ~ 3 pb; hf final states: ~ 3pb

BP2: h3 — hihy (ho = his)

SM-like decays for both scalars: ~ 0.6 pb

BP3: hs — hihy (hy = h12s)

(a) SM-like decays for both scalars ~ 0.3 pb; (b) h% final states: ~ 0.14 pb

BP4: h2 — hlhl (h3 = h125)

up to 60 pb

BP5: h3 — hihy (hy = hios)

up to 2.5 pb

BP6: h3 — hohy (hy = hi2s)

SM-like decays: up to 0.5 pb; h‘l1 final states: around 14 fb
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What is new

updated constraints using HiggsTools
(supersedes HiggsBounds and HiggsSignals)

[H. Bahl, T. Biekoetter, S. Heinemeyer, C. Li, S. Paasch, G. Weiglein, J. Wittbrodt, arXiv:2210.09332]

also slightly changed definition of strongest constraint

Most important new searches®*)

Hesm — Z Z, ATLAS, Run Il [urphys..c 81 (2021) 4, 332]
HBSM — h125 thm, CMS, Run I [JHEP 11 (2021) 057)

[(*) as implemented in HiggsTools]
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BP1: h3 — h1h2 (h3 = h125) [up to 3 pb]

BP1 120
o(pp — h3) ~ o(pp — hsm) ~ 50 pb,

BR(h3 — hlhz) up to 7%, if 80N

3

M, > 2M,
= BR(h2 — h1h1) =~ 100%,
(— e.g., three pairings mpp, >~ M1)
if Mo <2My = ho — SM particles.
(— eg., m&) ~ M; and mﬁ) ~ M)

M, [GeV]

hy=hyhy

HiggsSignals
""" Boundedness

hy=SM

= hyhyh; final states: reconstructing to M3, with one pair

reconstructing to M,

= both scalars as in SM: 2 light scalars reconstructing to M3

[[x3] = 0.9965]
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BP1: h3 — h1h2 (h3 = h125) [up to 3 pb]
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reaching ~ 2pb, depending on masses
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BP3: h3 — h1h2 (hl = h125) [up to 0.3 pb]

o(pp — h3) ~0.06 - o(pp —

hSM)|m:M3 650 M

BR,(h3 — h125h2) mostly 600 |

(ad 50% 550

if My < 250GeV: = h, — SM so0 |

particles. 3 2
= -3

if My > 250 GeV:
= BR(h2 — h125h125) ~ 70%,

400 -
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<
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300

= spectacular triple-Higgs
signature

EN

250
100

M, [GeV]

[up to 140 fb; maximal close to thresholds]

[k3 = 0.24] [F3/M; < 0.05]

bounds from pp — h3 — hy1 hy [cms, Run 11, JHEP 11 (2021) 057]
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BP3: h3 — h1h2 hl = h125 [up to 0.3 pb]

BR

Dominant final states, BP3
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BP6: h3 — h2h2 (hl = h125) [up to 0.5 pb]

M, [GeV]
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|K3] ~ 0.25 /M < 0.14)

Tania Robens

'S

Ugg—)ha(M:’?) ~ OOGGgth3(M3)
hi25h125h125 125 up to 14 fb
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Sample distribution, W* W~ bbbb final state

My ~ 125GeV, My ~ 279 GeV, M3 ~ 583 GeV,
Thihy, ™~ 185fb,
BR/.,QA,M/Jr w- ~ 0437 BRh2_>h1 h 039, BRhlﬁbE ~ 0.83;

Ow+w-pbob ~ 211b

1000

100 ¢

dn, 300 fb-1
dn, 300 fb-1

0 20 40 60 80 100 120 140 -6 -4 -2
PpbIGeV]
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Exploration of hyhyh; final state at HL-LHC
[A. Papaefstathiou, TR, G. Tetlalmatzi-Xolocotzi, JHEP 05 (2021) 193]

@ 3 scalar states hy, hy, hs that mix

concentrate on o
pp — hy — hohi — hih hi — bbbbbb

= select points on BP3 which might be accessible at HL-LHC

= perform detailed analysis including SM background,
hadronization, ...

@ tools: implementation using full ¢, b mass dependence,
leading order [UFO/ Madgraph/ Herwig] [analysis: use K-factors]
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hyh1hy production cross sections, leading order [pb], BP3

Logso[a(pp->hhh)]

600 [
500 - 1 -15
-20
-25
< 400t
3.0
-35
300} 40
45
200 : . ‘ [using interpolation]
150 200 250 300 350
M,

highest values: ~ 50fb for My ~ 250 GeV, M3 ~ 400 — 450GeV
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Benchmark points and results

(Ma, M3) o(pp — hihih1)  o(pp — 3bb) || siglspom-1  Sigl3000f -1
[GeV] [fb] [fb]
(255,504) 32.40 6.40 2.92 9.23
(263, 455) 50.36 9.95 4.78 15.11
(287,502) 39.61 7.82 4.01 12.68
(290, 454) 49.00 9.68 5.02 15.86
(320,503) 35.88 7.09 3.76 11.88
(264,504) 37.67 7.44 3.56 11.27
(280, 455) 51.00 10.07 5.18 16.39
(300, 475) 43.92 8.68 4.64 14.68
(310, 500) 37.90 7.49 4.09 12.94
(280,500) 40.26 7.95 4.00 12.65

Tania Robens

discovery, exclusion

= at HL-LHC, all points within reach <
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Some b- distributions [preliminary]

Pt distribution of bs Era distribution of bs
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Other work...

@ in principle:

[ any model that gives additional scalar states works ! ]

@ additional singlets, 2HDMs, 3HDMs, ....

@ always important:

[ constraints from signal strength [and direct searches] ]

= large number of models e.g. implemented in ScannerS
[M. Muhlleitner ea, Eur.Phys.J.C 82 (2022) 3, 198 ]
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Similar proposal

[H. Abouabid, A. Arhrib, D. Azevedo, J. El Falaki, P. M. Ferreira, M.
Muhlleitner, R. Santos, JHEP 09 (2022) 011]

@ consider various BSM scenarios with extended scalar
sectors, leading to at least 3 additional scalars

emphasize on hissh125 and hio5P production modes
final states for the latter: bbbb/WW /tT (up to 2 pb for 4 bs)
also 6 b and 8 b final states; rates up to 100/ 1.4 fb

typically not very boosted, but maximal production around
thresholds
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Multi-Higgs final states

In non-minimal Higgs models like the C2HDM, N2HDM, and NMSSM we can have multi-Higgs final states from cascade
Higgs-to-Higgs decays. SM-like plus non-SM-like Higgs final state, HSM® - both the Higgs-to-Higgs decay of the SM-
like Higgs or the non-SM-like one can lead to substantial final state rates (largest NLO rates above 10 fb). Ordering f
particles with regards to their decay chains is maintained, so that it is clear which Higgs boson decays into which Higgs
pair. We give the rates in the (6b) final state as they lead to the largest cross sections for all shown scenarios

Niodel Nied Tiggs State i, [GOV] [ ia, [CeV] [ Rato 0] [ K-factor
N2HDNT To) = I (0) = () () (0D B a 5 05
HoHy(= He) — HyHy () — (H)(0) | 282 10 196
2 157 3 33 205
51 - 1 200
212 5 s 1.93
NZHDYLIT 271 3 a7
SMSSM [ 711 (= Han) = LI (0) —+ GO0 | 319 T 00
HaHy(= Ha) = Avi (b)) = (b0)(50)(8D) 23 16 2% 192
Model Mixed Higgs State Tizee [GEV] | tes. tate 0]
N2HDNT HH: (00) = (00) 0D (00)
> HyHy (bb) 11 39
Hsnt) — AA(bb) — (bb)(bb) (bb) 204 37
(bb)H, Hy — (bb)( 220 119
 (BB)(BB)(b6)
N2HDNEIL | Hy Hy (= Hsw) — HyHa(0h) — (W) (W) (5h) 615 2
NSSM 1) — HiH(05) = (00)(00)(00) 560 T
HaHy (= Hen) —> A1 Ax(bb) — (bb)(bb)(bb) 518 26

Tuble 31: Upper: Maximum rates for multi-Higss fial states given at NLO QCD. The K-factor is given in the
st olumn. In th thid and fourh column we ko i the mas values e, a1d me of the non-Shiliks

i oo ol i e proces, i he o o it sppesrace. Lo cnonantly enhanced
prcron he moss o the resananly proiced Higs boson i« gven togetr e NATO 60D preheson
More detil on these peints can be provided o request
R. Santos, Higgs Pairs Workshop, 1 June 2022 52
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Enberg ea, Eur.Phys.J.C 79 (

0 00IDINmMooommmo

) 6, 512: Neutral Scalar States
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BSM: HH, HHH

107 10" 10°
o(gg/bb—h;h; Z) [fb]
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Summary

@ TRSM: 3 CP-even neutral scalars
o allows for many interesting decay chains including scalars

@ some searches already sensitive

[ Room for more ]

@ New physics scenarios:
discussed in Extended Scalar Subgroup of Higgs WG

egroup: lhc-higgs-neutral-extended-scalars
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Appendix
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Decay patterns

@ SM couplings inherited through mixing, « k;, such that
Ehi XY = Hig;i'\ix Y:
o additional onshell decays
hs — hihy, h3 — hihi, h3 — hoho, hy — hi by

(whenever kinematically feasible)

=
2 SM
’{'rhaSM(M')
BRp, - sm(M;) = K2EM (M) + Dok This by
J, k

h;— SM
= relative ratio for SM final states as in SM at mass M,
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Reminder: decays of a SM-like Higgs of mass
M # 125 GeV

= . . ————
s e
100 8 o
i< E o
S5 f H
[ s r z
( . H
101 4| =107
+ F
o
o
< @
S,
1102 3107
L
s T
g

1073 107
104 1055 200 300 400 1000
25 50 75 100 125 150 175 200 My [GeV]
M, [GeV]
(https:/ /twiki.cern.ch /twiki/bin /view/LHCPhysics
ing HD rt ‘Wittbrodt
(using HDecay, courtesy J.Wittbrodt) /LHCHXSWGCrossSectionsFigures)
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BP2: h3 — h1h2 (h2 = h125) [up to 0.6 pb]

550

500

450

400

M, (GeV]

350

300

250

"y >y
hy->22

Iy > hyhy

40 60 80
M, [GeV]

[upper left: excluded from boundedness from below]

@ |k3| ~ 0.2

Ogg—h3(M3) ~ 0.040

[BRh; — by hy up to 50 %]

dominant decays to bbbb and bbW T W~

Tania Robens

BSM: HH, HHH
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(M3)
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BP4: h2 — hlhl (h3 = h125) [up to 60 pb]

M; [GeV]
a(pp-h;-hyhy) [pb]

HiggsBounds

10 20 30 40 50 60
M, [GeV]

@ |ko| ~ 0.2

Ogg +my(M2) ~ 0.0405." (M)

[BRhy — hy g > 0.9 for My 2 40 GeV]

~

dominant decays to bbbb and bbrtr~

[exclusion from LEP combination, Phys.Lett.B 565 (2003) 61-75]
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BP5: h3 — hlhl (h2 = h125) [up to 2.5 pb]

s> Iy hy
Wy > hy hy

o(pp — h3) ~0.06 - a(pp — hsm)|m,
BR(hs — hih;) always 2 75%.

h1 decays to SM particles

(— e.g., two pairings mpy ~ M),

at large M3, the h;'s become boosted.

= —0.25,T3/M3 < 0. 20 40 60 50 100 120
[r3 0.25,T3/Ms < 0.08] o

two light scalars reconstructing to M3
dominant decays to bbbb and bbrtr-

recast enhanced search: exclusion for
Mz > 350GeV, M; > 60 GeV

[TR, Symmetry 15 (2023) 27, using Barducci ea, JHEP 02 (2020) 002]

05
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What about W-mass ?

@ D. Lopez-Val, TR, Phys.Rev.D 90 (2014) 114018: need low-mass
second scalar to drive mass up to measured value

= conflict with signal strength measurements <

@ TRSM: extend to contributions of 2 additional scalars

ANS, SR
150 200 250 300 350 400 450 500 550 600
M;[GeV]

2 o from PDG value, Myy = (80.377 £ 0.012) GeV

highest value: My, ~ 80.361 GeV;
My ~ 4GeV, M3 ~ 494 GeV, k1 ~ 0.24, k3 ~ 0.016
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What about LHC search interpretations ?

@ so far: 2 searches (by CMS) with public results and
TRSM interpretations

@ both target pp — X — Y h
o final states: bbb b paoaizarz, b Z)’y’y [CMS-PAS-HIG-21-011]
@ compares to maximal rates in TRSM and NMSSM

[TRSM rates available from https://twiki.cern.ch/twiki/bin /view/LHCPhysics/LHCHWG3EX]
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Results

expected observed

138107 (13TeV) . s 138 fb~' (13 TeV)

> T s
3 CMS - -10 for NMSSM * 3 CMS ——- Observed for NMSSM
= — Median expected for TRSM 3 = —— Observed for TRSM I
= [ e -10 for TRSM @ = I
@
£ 10'

on 6(pp - X - YH - bbbb) [fb]
3

Obsewed exclusion limits at 95% CL
on 6(pp - X - YH — bbbb) [fb]

3

El
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Cut selection

Label (M2, Ms3) < Prp @ < x>0 < mipY < mg¥ <
[GeV] [GeV] [GeV?2] [GeV?2] [GeV] [GeV]
A (255, 504) 34.0 10 20 - 525
B (263, 455) 34.0 10 20 450 470
C (287, 502) 34.0 10 50 454 525
D (290, 454) 27.25 25 20 369 475
E (320, 503) 27.25 10 20 403 525
F (264, 504) 34.0 10 40 454 525
G (280, 455) 26.5 25 20 335 475
H (300, 475) 26.5 15 20 352 500
1 (310, 500) 26.5 15 20 386 525
J (280, 500) 34.0 10 40 454 525

Table D Inls < 235, Amimin, med, max < [15, 14,20] GeV, pr(h}) > [50,50, 0] GeV,
AR(H, B) < 3.5 and ARps(h) < 3.5.

Xzs: variables used in hy reconstruction
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What about other channels ?

HL-LHC Exclusion Region

600
550 1
500 1 0 et e
L)
S 450 L
3]
O 400
—
m
E 350
200 BP3
@ Present analysis (pp - hih1hy)
] @ Excluded by pp = ha3 = 2Z
250 ® Excluded by pp - hy3 = hihy
®  Excluded by pp—>hyz > W* W™
200 r r r . r
100 150 200 250 300 350

Mz [GGV]
[extrapolation of 36 fb~* and HL projections]

= model can be tested from various angles <

[Phys. Rev. Lett. 122 (2019) 121803; Phys. Lett. B800 (2020) 135103; JHEP 06 (2018) 127; CERN Yellow Rep.
Monogr. 7 (2019) 221; Eur. Phys. J. C78 (2018) 24; ATL-PHYS-PUB-2018-022]
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Relevant channels from HiggsTools

excluding points previously allowed

Hesm — hios h1os — 4b, CMS, early Run Il prep os (2018) 152
Hesm — hios h1o5 combination, CMS, early Run Il

[Phys.Rev.Lett. 122 (2019) 12, 121803]

Hgsm — HI/3$M HIISSM — 4 W, ATLAS, early Run Il pHep os

(2021) 193]

Hgsm — hios hios combination, ATLAS, early Run Il (phys.

Lett. B 800 (2020) 135103]

Hgsm — Z Z, ATLAS, Run I [EurPhys.i.c 81 (2021) 4, 332
HBSM — /‘I125 thm, CMS, Run I [JHEP 11 (2021) 057)
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Non-SM-like Higgs Search: Di-Higgs beats Single Higgs

N2HDM-I and NMSSM - 3 SM-like Higgs bosons (H1). NLO rates above 10 fb. Di-Higgs states larger/
comparable with direct production.
Reason: non-SM-like Higgs is singlet-like (suppressed couplings to SM-like particles) and/or is more
down- than up-type like (suppressed direct production).

177, [GOV] | 1igg, [GeV] | rigg, [GeV] [ mia [GeV] | e [GeV] | tanj
125.09 281.54 141.25 386.98 421.81 1.990
ar a a v [GeV] | Re(mi,) [GeV?]
1.153 0.159 0.989 9639 29769

oW, x BR(Hy — HyHy) x BR(Hy — bb)* = 509 0.37 - 0.60° fb = 40 fb

o"NNLO(Hy) x BR(Hy — HyHy) x BR(H; — bb)? = 161 - 0.37 - 0.60% fb = 21 fb

o NNEO([1y) x BR(Hy — WW) = 161-0.44 fb = 71 fb

H2 BR to bb tiny.
Non-SM- like H2 has better chances of being discovered in di-Higgs than in single Higgs
channels (W bosons still have to decay).

R. Santos, Higgs Pairs Workshop, 1 June 2022
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