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Why scalar singlets?

¢ Total singlets: not coloured, no EW interactions... challenging?

o If CP-even scalar, mixing with the Higgs boson can be sizeable:
» can be singly produced
——m—_— - » decays to SM particles

» modiPed Higgs couplings

.. a useful probe of the Higgs sector.

o A very simple model — but not trivial: appears in many interesting
scenarios (NMSSM, Twin Higgs, EW Baryogenesis, etc.)

o Study the sensitivity of future colliders to extra Higgses



Higgs-singlet mixing: main features

hO 0
SM + 1 real singlet: H= <iﬂ'+, v+\/§+z7r> , S =ws + s°.

. h = h°cosy + 5" sin,
Mass eigenstates: 0 0 -
¢ =5 cosy—h"sin~y.

The phenomenology mainly depends on 3 parameters only:
Hh = Cg2 X HSM

p vyt = st X psm(me ) x (1= BRey ),

pry ph = st X ogm(me ) x BRey pn.

» ¢ is like a heavy SM Higgs, with narrow width + hh decay channel

Afhh h

sin?~y = —5 Mﬁh o v? depends only on EW physics
ms —mf



Singlet decays

At high mass the equivalence theorem relates the decay widths

N

1
BR+y hh =BR+y 72z = §BR"! ww =~ —, me > Mp.

(these are the dominant channels, fermionic modes suppressed)

» Phenomenology roughly determined just by m+ and Mpp!

h branching ratios ! branching ratios
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Singlet decays

At high mass the equivalence theorem relates the decay widths

1 1
BR+1 ph =BR") zz = §BR"! ww ~ —

e me > Mp.

(these are the dominant channels, fermionic modes suppressed)

» Phenomenology roughly determined just by m+ and Mpp!

h branching ratios

! branching ratios
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Triple Higgs couplings

The triple couplings depend on the details of the potential
V = pd |H|> + M |H|* + s |H[2S? +ap |H2S + 12 5% +as S + As S*

7 parameters = m- , Mpn , Vs, AHs , As + Mp, v

5 free parameters

The dependence on A\ys , Ag is very weak: wvs is the only relevant
additional parameter that determines BR» nn and the hhh coupling

1 3wv /M2 —m?
BRey o= = — oL V20 T 52 2y
thh = 10 . + O(v"/m7)
2 v /M2 —m? [ M?
ghhh :gﬁﬁ\ﬁ 1—&-5* hh h ( h2h —1> +(9(1}2/m?) .
Vs me mg



Hunting the singlet Higgs bosons

Two complementary ways to look for the extra Higgs:

Higgs signal strengths Direct searches

sin!

2
Hh ~ ng X psM pr~ 8P X isM



Higgs couplings

Fit to all rates u,(125): 1o reach s? ' ghnh
LHC8 0.2 -
o9 cL. / LHC14 | 0.08-0.12 -
HL-LHC | 0.04-0.08 0.5
o ; HE-LHC " 0.2
€l A A FCC-hh " 0.08
ILC | 2x 1072 0.2-0.8
el s ILC-up | 4x 10%3  0.1-0.5
CLIC | 2 x 10%3 -
Ooi.‘oc‘ 008 oa¢ oar oz oz FCC-ee 10%3 -
sin?"

(* projections for most precise coupling)

. C w2 o n
compare with 2HDM: sin“~ ! 0.02 [Snowmass ©13]

At present a precision of ~ 20%: still room for sizeable deviations!



Higgs couplings
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Very large modifications of the triple Higgs coupling are possible: in
principle observable at the LHC. Whole region covered by FCC-ee.




Direct searches

¢ is like a heavy SM Higgs boson: ¢ — V'V dominant decay mode
» Combination of ZZ and WW final states:

ATLAS [1507.05930] CMS [1504.00936]
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Already more sensitive / comparable to Higgs couplings



Direct searches
¢ is like a heavy SM Higgs boson + ¢ — hh decay channel

» Mainly ¢ — hh — 4b final state at high masses:

ATLAS [1509.04670] CMS [1503.04114]
17.9 0" (8 TeV)
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© hh — 2b2~ dominates at low m-

¢ Also other decay channels: hh — 2b27, hh — 47, hh — 2b2W

[No et al., Kotwal et al., Martin-Lozano et al.]



Projections for the future

How to get fast estimates of the reach of future machines?

» Rescale LHC data with the parton luminosities of the bkg

see also Salam, Weiler O14; Thamm, Torre, Wulzer 15

The limit on the cross-section is mainly determined by the number of
background events around the resonance peak

¢ — V'V channel
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These results are valid for any scalar resonance decaying into V'V, hh



Extrapolation procedure

This method is subject to a number of rather strong assumtions!

& The composition of the background must not change radically
at higher energies

o Acceptances and efficiencies at the new collider roughly the same
as at the LHC

o Cut & cout experiment for narrow resonances
& SM bkg scale as o (8) ~ 8% !: true above the SM thresholds

© Systematics are not large (significance < Ng for fixed Ng)

Still, predictions accurate up to O(1) factors...



Checks of our assumptions

¢ The excluded cross-sections

300 . . 1/ 2
- w00 scale as (parton luminosity)
g )
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Direct searches: comparison of bounds

Vs = 250 GeV

Ve =#75GeV

s &
8 3
™~ .

%)
3
=)

T

T

[l

T

(3]

.

M, [GeV]
g
N
I

N
G
=
L

2

,/ g VV
== ¢ - hhldb" ]

4"
v

[
3
\

-
-— e

I L L L L L - L L L L L -
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
mg [GeV] o

o Combining the V'V and hh channels, the total reach does not strongly
depend on BR+| pp

o At high masses relevant for FCC, VV dominant (equivalence theorem)



Direct searches: comparison of bounds
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o Combining the V'V and hh channels, the total reach does not strongly
depend on BR+| pp

o At high masses relevant for FCC, VV dominant (equivalence theorem)



Direct vs indirect

We can now compare the reach of direct and indirect searches.
o/osm o sin? v (ignore BR+ pn for the moment...)
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Direct vs indirect

We can now compare the reach of direct and indirect searches.
o/osm o sin? v (ignore BR+ pn for the moment...)
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Direct searches dominate for lower masses (! 1 TeV) at each stage of

the experimental program




Direct vs indirect

Direct searches dominate for low m~, Mpy: look for the singlet!



Twin Higgs

¢ Neutral naturalness: Higgs mass is protected from radiative
corrections without coloured states at the weak scale

V=A("2= )2 +m? | H|* + k|H[, " =(H,5).

Higgs potential with approximate SO(8) symmetry.
Global symmetry broken bym, # to reproduce m,v $ 0.

o Linear o-model: there is a “radial mode” with mass mg ~ A f2.

© The model is fully determined by 4 parameters: mg, f, mn,v

02 02
sin? v o 7

F? :5

Mg, = (m§ +mp)

» recast the generic singlet bounds



Twin Higgs

. 2
Recast the generic bounds: M3, = (m§ +mi){=
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» If not too strongly coupled, the Twin Higgs could be directly visible!

» Model-independent probe of the Twin scenario, with Higgs couplings



SUSY: the NMSSM

W = Wwumssm + AS HyHy + f(S) MSSM + singlet

o Extra treel-level contribution to the Higgs mass = lighter stops:
M3, = m2 cos? 28 + A\2v?sin? 28 +1 2
o Parametrically lower fine-tuning of v, for same values of the soft masses

4 oo

cot 2
ﬁme X 11

2 2
ov ‘NMSSM ~ T3 J ov |MSSM ~ 72

» tuning better than 5% for A = 1 and stop/gluino in reach of LHC

¢ Non-perturbative regime at high scales if A" 0.7



SUSY: the NMSSM

Recast the generic bounds: M3, = m2 cZy, + \2v?s2,, + !
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Perturbative coupling A-SUSY
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¢ Direct searches generically dominate over Higgs couplings

¢ Direct reach at 100 TeV comparable with FCC-ee sensitivity



Conclusions

» Looking for singlets is easy, and motivated by many (natural) models
o Direct searches are a powerful probe
© Higgs precision measurements more effective at high masses

» General description in terms of few physical parameters

» Projections for the reach of FCC in diboson channels

» Twin Higgs & NMSSM: two prime examples of most natural models
that contain a singlet



Backup



Extrapolation procedure
» # of bkg events:

NB—L Z/ dﬁ”f{) 0‘@] LZz]dAa

where 6;; ~ c”/s is the partonic cross-section ij % fmal state

» # of signal events: Ng =L 0.

Np(so, Lo, mo) = Np(s,L,m) — m = m(mo)
NS(So,Lo,mQ) = Ns(S,L,m) — a(m) = (LQ/L) Uo(mo)
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Extrapolation of bounds

Ng (mo, so, Lo) = N (m, s, L") implies
Zcu FE = (s,m )ZFZCH g (50,1M0),
{i } {i }

which implicitly determines m(mg, L), for any L'.

For each m, Ly < L' < L is chosen as to maximise the exclusion

mo(L/):|

Lo
[0 x BR|(m;s,L) = LrIlléL [\/ﬁ
(we use a \/L'/L rescaling from L' to the nominal L).

[O’ X BR]O(mo; S0, Lo)




(Linearised) Composite Higgs
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Exactly the same analysis as in Twin Higgs can be applied to the
case of a “linearised” Composite Higgs model.
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of invisible decay width into W', Z*.



Triple Higgs couplings

Exact expressions

2 2 2 2
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Electroweak precision tests

2
. m . 3a m
S = 82 g ¢>’ T = 2 g ¢

48ms2 7T md 16mc2 7 2

» Small mixing angle or small mg: constraints not relevant

. M2, —m2
sin?y = —hh _—h Mp, o v?.

2 2

my —my,

» Can become relevant for large masses, if My, o< my as in
Composite Higgs & Twin Higgs:

2
2

) v
sin fywﬁ, Mgy X\ A f.



