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< Can new Higgses be the lightest new particles around?

o How to look for them?



o Can new Higgses be the lightest new particles around?
Another light scalar would be hard to justify with anthropic arguments

Extra Singlet scalars are ubiquitous, for example in

— Twin Higgs
— Supersymmetry

— Electroweak Baryogenesis (independent of naturalness)




Bottom-up motivation for a Singlet: Higgs couplings fit

Add singlet S and doublet H: hinc = h = Cy(CéhvfsaH)ﬁLS»ySJ
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v" Can new Higgses be the lightest new particles around?

o How to look for them?



Genel’ic Singlet [¢ = singlet-like mass eigenstate]

) Mf21h — Mmy .
sin®y = —F—— Master formula, valid for any model
mg, — my

2 free parameters control all pheno!  + BRy_pn (= BRy—zz at my > mwy)

h: signal strengths 1 = c2 X pism ¢: pu(my) = s2 x usm(my) [barring ¢ — hh] J




Genel’ic Singlet [¢ = singlet-like mass eigenstate]

) Mf21h — Mmy .
sin®y = —F—— Master formula, valid for any model
mg, — my

2 free parameters control all pheno!  + BRy_pn (= BRy—zz at my > mwy)

h: signal strengths 1 = c2 X pism ¢: pu(my) = s2 x usm(my) [barring ¢ — hh] J

What does one learn from the potential f(S)?

Valid for any potential!! vs leading new parameter



Generic singlet: Higgs couplings

M2, — m?
siny = % Master formula, valid for any model
m3 — mj,

My, [GeV]

2 free parameters control all pheno!

h: signal strengths p = cf, X hsM

+ BRy—mn (= BRgzz at my > mw)
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Generic singlet: Higgs couplings

Master formula, valid for any model

2 free parameters control all pheno!

. M2, — m?
sin? y = Mih = M
m3, — mj,

h: signal strengths p = cfy X [sM

+ BRy—nh (= BRy—yzz at my > mw)

Add ghnn: could be first deviation seen!
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Generic singlet: Higgs couplings

M2, — m?
sin?y = % Master formula, valid for any model
m3;, — mj

2 free parameters control all pheno!  + BRg_sn (= BRy—zz at my > mw)
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Generic singlet: Higgs couplings vs direct searches

2 2
My — mj,

-2
sin’y =
mZ — mj

Master formula, valid for any model

2 free parameters control all pheno!  + BRy_pn (= BRy—zz at my > mwy)

o _ 2 . _ 2 .
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Twin Higgs and the NMSSM
o M2 2

Twin Higgs: M2, = (m? + mﬁ,) v2/f?

Take-home messages
Twin Higgs:

NMSSM: My, = mz ¢35 + A°v? s34 + A?
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Twin Higgs and the NMSSM
in? = May — mi

Twin Higgs: M2, = (m? + mﬁ,) v2/f?
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Buttazzo Sala Tesi 1505

Searching for extra Higgses

A (necessary) input to plan future HEP strategy

95%C.L.

Relevance to Higgs & EWSB working group .

— Extra Higgses crucial to understand

the EW scale
— h coupling deviations could tell a lot "
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TWin nggs Chacko Goh Harnik 2005, Barbieri Gregoire Hall 2005,...

’Could the radial mode be the first new particle seen?




TWin nggs Chacko Goh Harnik 2005, Barbieri Gregoire Hall 2005,...

’Could the radial mode be the first new particle seen?

Why TH interesting? Solves little hierarchy, without coloured top partners

If nothing new at the LHC14, TH models still quite natural!

— Add a Z;-symmetric copy of the SM
[only copy of top strictly necessary  see e.g. J Serra @ MIAPP 2015]

— 8 "Higgs" degrees of freedom - vs 4 in the SM
7 are massless Goldstone bosons
one, o = radial mode of G — H

(o) = f, my ~ f conceivable if UV completion is weakly coupled



TWin nggs Chacko Goh Harnik 2005, Barbieri Gregoire Hall 2005,...

’Could the radial mode be the first new particle seen?

Why TH interesting? Solves little hierarchy, without coloured top partners

If nothing new at the LHC14, TH models still quite natural!

— Add a Z;-symmetric copy of the SM
[only copy of top strictly necessary  see e.g. J Serra @ MIAPP 2015]

— 8 "Higgs" degrees of freedom - vs 4 in the SM
7 are massless Goldstone bosons
one, o = radial mode of G — H

(o) = f, my ~ f conceivable if UV completion is weakly coupled

Other particles? Either M 2 4xf or very weakly coupled



Extra Higgses in Supersymmetry

’ Could the singlet-like scalar be the first new particle seen? ‘




Extra Higgses in Supersymmetry

’ Could the singlet-like scalar be the first new particle seen? ‘

MSSM Fine tuning worse than 1%!  [v sensitivity to m; fixed by g]

NMSSM Given a fixed tuning,  and g heavier by ~ \/g than in MSSM

4000
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[green points, tan 8 <5, A = 20 TeV] 95 0

15 2.0 2.5
A

Gherghetta et al. 1212.5243
see also Gherghetta et al. 1401.8291
Cao et al. 1409.8431



Higgs as a PNG boson: Twin Higgs

2 2

Mg, — m

22 hh h 2 2 2 2 /72

sin™ 7y = 2 2 Mhh = (”7h ‘”o’) v /f
mg — my

Only two free parameters f and m, = BR,_u, fixed everywhere

Twin SM = BR,_in.. # 0 [equivalence theorem: BR,_,;p,. — 3/7 for my > mz X f/v])




Higgs as a PNG boson: Twin Higgs

2 2
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- h

Only two free parameters f and m, = BR,_u, fixed everywhere

Twin SM = BR,_jn. # 0 [equivalence theorem: BR,_,n,. — 3/7 for my > mz X f/v]J
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The NMSSM
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The NMSSM
.2 MiQJh_mi%
sin“y = —F—~

2
m3 — mj,

M2, = m% c22@ + 222 522ﬂ + A2

A = all loop effects, e.g. top-stop
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The NMSSM
sin?~ = Mﬁh_m%

2 2 2 2.2 2 2
5 M, = mz Gg + AV 555 + A
mg, — mj
A = all loop effects, e.g. top-stop
Here A =0.7 A =380 GeV tan 8 “small” otherwise EWPT J
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A paradigmatic example: the NMSSM

NMSSM with A ~ 1 and heavy stops & gluinos) B

A
[A Z 0.7 needs a completion before
GUT scale] A~/
The scalars are: ! N
t Misoft
~1TeV ——
CP-even h, hs, ¢ (from h,, H,S) ¢
H,S
CP-odd A, A
H=* h




A paradigmatic example: the NMSSM

NMSSM with A ~ 1 and heavy stops & gluinos) P

A

[A Z 0.7 needs a completion before
2/ 2
A~ 62“ /A v

GUT scale]
The scalars are: g ~
i Mesoft
CP-even h, hs, ¢ (from h,, H,S) ~1TeV =
H,5
h
hs H
M= h | =& [h ], R=RERZRY
¢ S
¢
5. A motivated limiting case

v = h, — S mixing
mp, > mp e and 0,0 =0
8/8

h el _hime



Fully mixed case and a v~ signal
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Fully mixed case and a v signal Barbieri et al 1304.3670, 1307.4937
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Extrapolation of direct searches |

We started from
i) Collider Reach (8) Salam Weiler 2014 i) Thamm Torre Wulzer 1502.01701

mg excluded at LHC8, obtain my at future collider via B(sy, L1, m1) = B(so, Lo, mo)

B(s, L, m) o Lx /d§ % 3(5) 2(5) J
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Extrapolation of direct searches |

We started from
i) Collider Reach (8) Salam Weiler 2014 i) Thamm Torre Wulzer 1502.01701

mo excluded at LHC8, obtain my at future collider via B(sy, L1, m1) = B(so, Lo, mo)
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Extrapolation of direct searches |

We started from

i) Collider Reach () Salam Weiler 2014

ii) Thamm Torre Wulzer 1502.01701

mo excluded at LHC8, obtain my at future collider via B(sy, L1, m1) = B(so, Lo, mo)

as

C
m?2

dl

B(s, L L
(s,L,m) o Lx 72

(s)

5=m?

36(3)

dl
=Cc = Ed

rives the reach J

pp - ¢ - VV from CMS |
MSTW2008

1 2 3 4 5 6
my [TeV]

dLi;
Lo cj —==(s0)],

Tpp erx BRy L zz [fb]

1000

—m?2
S=my

100

10

0.1+

\\
14TeV,3ab™ ~ .

.. 100TeV, 3ab™" |

=~ —
33TeV,3ab™* =~

1600 2600 3000

4000 5000 6000

m, [GeV]



Extrapolation of direct searches |

We started from
i) Collider Reach (8) Salam Weiler 2014 i) Thamm Torre Wulzer 1502.01701

mo excluded at LHC8, obtain my at future collider via B(sy, L1, m1) = B(so, Lo, mo)
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Extrapolation of direct searches Il
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— Not valid if systematics dominate and change significantly from sp to s;



Extrapolation of direct searches Il
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— Not valid if systematics dominate and change significantly from sp to s;

— §>> myk [i.e. not valid at § ~ 2m, for ¢ — hh(4b)]

— —j < 1 i.e. not valid if analysis depends a lot on shape far from peak
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An extra doublet-like state H Mp, > mp, , My,
Barbieri Buttazzo Kannike Sala Tesi 1304.3670, 1307.4937

8Bhstt Cs 8hsbb 8hs vV
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my+ > 480 GeV from B — X.v! [MDy(ts,...) =0 — 6 =0]

hs phenomenology: more similar to MSSM  see e.g. Craig et al. 1504.04630
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Barbieri Buttazzo Kannike Sala Tesi 1304.3670, 1307.4937
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