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Why the third generation?
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Dark scalars
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Scalar inherits Higgs couplings through mixing:
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Dark scalars
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Scalar inherits Higgs couplings through mixing:
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Fermion couplings are flavor-hierarchical:



Dark scalars
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Scalar inherits Higgs couplings through mixing:
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Higgs inherits dark couplings: o= Qi.
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Why long-lived?

Long scalar lifetime

o for small Higgs mixing

suppr. invisible decay

O decay near threshold

Scalar width I'g = 53 I'sm + Cg L'\ x

Nominal decay length c75 = F§1
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Signatures of long-lived dark scalars

-b—\a———zfj—f- Rare meson decays:
t Ny’ 1 2
B(B — KS)B(S — ff) o s2 SHFFff
S
S
< ! Sizeable rate for light resonant scalars.
f
 —— ¢t
g f Tops and displaced particles?
©
_ f Smaller rate for decay to heavy fermions.

Batell, Pospelov, Ritz 2010; Clarke et al. 2014
Evans et al. 2017; Winkler 2018; Boiarska et al. 2019; Filimonova, Schaefer, Westhoff 2019 7



Displaced muon pairs at LHCb

sin @

107 3 B*—>K"+0u (prompt)
:l B°-»K*%+1u (displaced)
. B*>K*+ T (displaced)

based on
Winkler 2018 ms [GeV] LHCb 2015 & 2016




Displaced muon pairs at Belle |l

Super conducting coil

Number of muon pairs decaying inside drift chamber:

Nz = Npg x 2B(B — KS)B(S — pfi)
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Displaced vertices at Belle Il and BaBar
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Filimonova, Schaefer, Westhoff 2019 10



Compare with long-baseline experiments
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Why soft?

Dark matter freeze-out in the early universe.
in equilibrium:
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Co-scattering

small coupling: leaving chemical equilibrium
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co-scattering mediator annihilation
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Co-scattering

leaving chemical equilibrium:

| \ ./ long-lived mediators
RN R <

co-scattering mediator annihilation

X — <
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Characteristics of co-scattering

co-scattering

% n number densities related:

/\ :

long-lived mediators: compressed spectrum:
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Models with co-scattering

Fermion portal cf. SUSY sbottom, stop 0%

Garny et al., 1705.09292 & 1802.00814 >- b )» t
b t

Leptophilic dark matter

X €
D’Agnolo et al. : —
1705.08450 ), ¢0 + \_ ¢O it;g:;;’g?; >‘ R
1906.09269 o et/ ' f+

A A

Higgs portal «cf. susy wino-bino

Bharucha et al., 1804.02357
Filimonova, Westhoff, 1812.04628

see also: Cheng, Zheng 1805.12139; Kim, Kuflik 1906.00981



Higgs portal with weak interactions

Naturally small portal coupling

ms_ mr_ K _ _
Lot = == XsXs — — XrXr + 5 [(H'XpH)xs + Xs(H' xr H)]
Dark fermion mixing Mass eigenstates
; 1 " o2 — Xy = cos 0 X% — sin Oy
NmT_mS wit M_\/§A QX%:SIH@X%"‘COSHX%
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Filimonova, Westhoff 2018
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Higgs portal with weak interactions

Naturally small portal coupling

ms __ mrT __ K _ _
Lo = == XsXs — — xrxr + ¢ [(H'XpH)xs + Xs(H'xr H)]
Dark fermion mixing Mass eigenstates
. " P, - Xy = cosfx% —sinf xr
" mr —ms M V2A e X}, = sin 6 xg + cos 6 x7
— X" X~
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Filimonova, Westhoff 2018
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Higgs portal with weak interactions

Naturally small portal coupling

ms __ mrT __ K _ _
Lo = == XsXs — — xrxr + ¢ [(H'XpH)xs + Xs(H'xr H)]
Dark fermion mixing Mass eigenstates
. " P, — Xj = cosfx% —sinf x7
" mr —ms " V2A — Xj = sinf xg +cosd x7

-— X, X~

Weak interactions

Filimonova, Westhoff 2018
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dark sector decouples

Phases of freeze-out

X! X1 = SM SM
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Soft displaced vertices at the LHC

Mediator decays are suppressed as I, ~ §%(Am)*.

Signal: soft displaced bottom/tau pairs and missing energy.

Nagata, Otono, Shirai 2015; Garny et al. 2017; Filimonova, Westhoff 2018 21



Soft displaced leptons at the LHC

Signal: one/two soft displaced lepton(s) and missing energy.

Background: seemingly isolated leptons from meson decays.

Bharucha et al., 2018: Filimonova, Westhoff 2018; Junius et al. 2019 22



How displaced?

% | |
disappearing
charged tracks |

cT [cm]

15 < Am < 30 GeV

n

Transverse impact parameter typically O(mm) - O(cm).
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How soft?
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A. Filimonova, work in progress 24



LHC searches for co-scattering mediators

scalar scenario

XENONIT

displaced + prompt leptons
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Filimonova, Westhoff 2018
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How about displaced tops?

S production through tops:
g =
DIRRS
t
g 7

S production unrelated to decay:

Rate drops with top coupling.

O at kinematic threshold:
soft displaced tops

O decay of a heavy resonance:
(pairs of) displaced tops
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Take home

O long-lived dark scalars

< b, T O At Belle (Il), NA62, FASER ... :

displaced taus in meson decays

D, 7

flavor-hierarchical couplings (unlike dark vectors)

O long-lived dark fermions with weak interactions

- O At the LHC:
N\
/ \@%’, displaced soft bottoms or taus
N\ from mediator decays

small couplings and compressed spectrum from co-scattering
27



Backup
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Visible scalar decays

1051 Winkler 2018
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Predictions for 1 GeV < mS < 2 GeV subject to large uncertainties.
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Invisibly decaying dark scalars
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Excluded at 95% CL.:
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Projected sensitivity
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Filimonova, Schaefer, Westhoff 2019 30



