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Why the third generation?
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Dark scalars
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Scalar inherits Higgs couplings through mixing:

N 1 "vim I N f:h
fQ/ Y i 2

Vi SIN! Vi coS!




Dark scalars
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Scalar inherits Higgs couplings through mixing:

f " f
N o, L1 "v/im g
—— >
fE/ |y %

Vi Sin!

Fermion couplings are [3avor-hierarchical:



Dark scalars

LI LH[P" "y, J

Scalar inherits Higgs couplings through mixing:
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Why long-lived?

Long scalar lifetime

o for small Higgs mixing

suppr. invisible decay

o decay near threshold
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Scalarwidth 1I's = 83 I'sm + ¢y i

Nominal decay length cls = !¢
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Signhatures of long-lived dark scalars

__b_\___:\’_;_ﬁ_ Rare meson decays:
I\ t 2]
B(B! KS)B(S! ff)" s2o_"
S 'S
< f Sizeable rate for light resonant scalars.
f
g———1t . .
q f Tops and displaced particles?
©

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

f Smaller rate for decay to heavy fermions.
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Displaced muon pairs at LHCDb

sin!

10'4:‘ B" K"+ (prompt) -
:| B® K%+ (displaced)
. B* K+ (displaced)

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




Displaced muon pairs at Belle |l

Super conducting coil

“ECL

Number of muon pairs decaying inside drift chamber:

Nug = Ngw " 2B(B! KS)B(S! ppg)
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Displaced vertices at Belle || and BaBar
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Filimonova, Schaefer, Westhoff 2019
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Compare with long-baseline experiments
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Why soft?

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

N N\
s
/N /\

(co)-annihilation freeze-out

\ | / universe \
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Co-scattering

small coupling: leaving chemical equilibrium

X

co-scattering mediator annihilation
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Co-scattering

leaving chemical equilibrium:

| \/ long-lived mediators
< l > amm- ¢ & 6<

co-scattering mediator annihilation
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Characteristics of co-scattering

co-scattering

: ! number densities related:

! 3
| N m % , im
oy Mgy
n- m-

/\\ /

long-lived mediators: compressed spectrum:

_....CQ 1 "M 0%

soft
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Models with co-scattering

Fermion portal cf. SUSY sbottom, stop !

Garny et al., 1705.09292 & 1802.00814 >— 9
E

Leptophilic dark matter

DOAgnolo etal. 0 e-\ 0
1705.08450 e | = | . o |
1906.09269 | e /

A A

Higgs portal cf. susy wino-bino b

W+
Bharucha et al., 1804.02357 N -
Filimonova, Westhoff, 1812.04628 !

Junius et al.
1904.07513

see also: Cheng, Zheng 1805.12139; Kim, Kuf3ik 1906.00981




Higgs portal with weak interactions

Naturally small portal coupling

LS T 5
Lo = ! 71?5! s ! 7!‘T!T t = (HTH)s+T<s(H!tH)
Dark fermion mixing Mass eigenstates
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Filimonova, Westhoff 2018 17



Higgs portal with weak interactions

Naturally small portal coupling

Let =3 %1—5!5! mZTrT'T+ _(H T7H)l s + Tg(H ! TH)

Dark fermion mixing Mass eigenstates
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Filimonova, Westhoff 2018
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Higgs portal with weak interactions

Naturally small portal coupling

m m
Ly = ! —=talg! —Li 1

> Tsts! — 1! T+— (H TTH)! s+ Tg(H 1H)

Dark fermion mixing Mass eigenstates
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Weak Iinteractions
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Filimonova, Westhoff 2018 19



dark sector decouples

Phases of freeze-out

pair annihilation

X1 X1 = SM SM . W
XENONI1T excl. >:

X ¥ = SMSM i W
co-annihilation

"ybl 17,74
(LR Z
Inverse decay
(7
(i f
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co-scattering

Ly I
co-scattering |
w
ff!
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Soft displaced vertices at the LHC

Mediator decays are suppressed as ! ; ! !“(" m)*.
Vh
I /! ((/m T
q
b,
1 N

(]

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

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

Bl Amnm,=50
- Mcl=40
~ AMmg=30 | thermal

Ama =205 relic

1071 -
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A. Filimonova, work in progress 24



LHC searches for co-scattering mediators

scalar scenario

XENONIT

displaced + prompt leptons

[ ——— e - ——— e ——
s mm

displaced b-jet pairs
e

displaced soft leptons
! + I I P||+ #I
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Filimonova, Westhoff 2018
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How about displaced tops?

S production through tops:

g"—\
> R
t

g f

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

26



Take home

O long-lived dark scalars

< b,! O At Belle (I1), NA62, FASER E :

g1 displaced taus In meson decays

[3avor-hierarchical couplings (unlike dark vectors)

O long-lived dark fermions with weak interactions

- O At the LHC:
N 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

10-5| Winkler 2018
b
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m [GeV]

Predictions for 1 GeV < mS < 2 GeV subject to large uncertainties.
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Invisibly decaying dark scalars
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K* +inv diff.
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