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Higgs portal for fermionic dark matter



Higgs portal for fermionic dark matter

Pure electroweak singlet, doublet,

triplet.

Dark matter candidate only at Higgs
threshold or too heavy for colliders.

[Beniwal et al., [512.06458] [Cirelli et al,, 1507.05519]




Higgs portal for fermionic dark matter

Pure electroweak singlet, doublet,

0 - h triplet.
Dark matter candidate only at Higgs
(0 “h threshold or too heavy for colliders.

[Beniwal et al., [512.06458] [Cirelli et al,, 1507.05519]

S h - Minimal renormalizable extensions:
\ singlet-singlet, singlet-doublet,
doublet-triplet.

s < h YD h Tiny portal coupling: naturalness?

Yp b [ Freitas, Westhoff, Zupan, | 506,041 49]
[Lee et al, 0803.2932] [Mahbubani, Senatore, hep-ph/05 10064]
Vs N h 'Dedes, Karamitros, 1403.7744]




Singlet-triplet model for dark matter

2 majorana fields: SU(2)singlet X sand triplet X7

ms__

Lot D~ XsXs — TTT[XTXT] + T = [(H'rH)xs + h.c!]

0 +
. 0 _ XT/\/§ X
with Xs = X5, X7 = ( X~ _X%/ﬁ)



Singlet-triplet model for dark matter

2 majorana fields: SU(2)singlet X sand triplet X7 Naturally small

mg mr _ KST Tt _
Lo D —7XSXS - TTI[XTXT] T A [(HTXTH)XS T h-C-]

xr/v2 o xt )

ith Xs = X9, X=<
with Xs = Xs T N NG,
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. Freedom in the field definitions: can choose m7, ks > 0



Singlet-triplet model for dark matter

2 majorana fields: SU(2)singlet X sand triplet X7 Naturally small

A

mg __ MT neT X
Lot >~ %5xs - " Tufrr] + 75T [(H 1 H)xs + hee!
0 +
| 0 - XT/\/§ X
with Xs = Xs, XT = ( X~ —X%/ﬁ)
- Three new parameters: mg, mp, U = K\%XQ

. Freedom in the field definitions: can choose m7, ks > 0

Tree-level structure + electroweak corrections:




Singlet-triplet model for dark matter

ms__

Leﬂ" D) _TXSXS —

m
2

2 majorana fields: SU(2)singlet X sand triplet X7

T ey 1
— Tr[X7rXxT]

Naturally small

A

with Xs = X%, X7 = (

- Three new parameters: mg, mp, U =

. Freedom in the field definitions: can choose m7, ks > 0

Tree-level structure + electroweak corrections:

Xh
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Singlet-triplet model for dark matter

2 majorana fields: SU(2)singlet X sand triplet X7 Naturally small

A

mg mr _ RsT _
Lo D —7XSXS — TTT[XTXT] - A [(HTXTH)XS -+ h-C-]
0 +
. 0 XT/\/§ X )
with Xs = Xg; XT:< _
° X —X7/V2
2
. Three new parameters: mg, mrp, [ = ’*\S/gx
- Freedom in the field definitions: can choose m71, ks > 0
Tree-level structure + electroweak corrections: Small W
+
X
Xh | ) SJ (Amhc)ew
ew X+ > (Ampe)™™ Xh
AN T R e —
X1 > Amg; X1

Dark matter candidate




Couplings of dark fermions

Gauge and Higgs couplings

po X+>£ >
gcosf ~* v_~ gcos Ow Y i H o520
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Xh

See also [hep-ph/0702148] 4



Couplings of dark fermions

Gauge and Higgs couplings

Xh
po X+>MZW >
gcosf ~* Y g cos B, y* Y H o520

l
v

X+ X+

>wa
0% gsinf ~*

Xh

Two physical scenarios, depending on parameters of the theory:

Scalar case: Pseudo-scalar case:

Couplings o< 1,7, Couplings X Y5, YuY5

See also [hep-ph/0702148] 4
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Direct detection

X1 q
>-@-< o /v sin(20)
X1 q
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Direct detection
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[1805.12562]

Direct detection
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Surviving regions: scalar case
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Warning: co-scattering regime

Small portal
process scaling process scaling
pair annihilation Xexe — WTW— (gsin6)* mediator annihilation

xexe — h* = f£,VV | (usin(20)/v)?
Xexe = hh (pcos(20)/v)*

co-annihilation xext — ffL,VV (gsin6)? mediator decays T = xeff (gsinf)-
Xexn — WHW— (gsin6)? Xn = xef f (/v)?
xexn — b = ff,VV (p/v)?

co-scattering xef = xTf (gsinf)* scattering xef = xef (nsin6/v)?

xef = xnf (p/v)*




Warning: co-scattering regime

Small portal
process scaling process scaling
pair annihilation Yexe — WTW - (gsin)? mediator annihilation
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« Relic abundance is set by co-scattering + mediator annihilation



Warning: co-scattering regime

Small portal
process scaling process scaling
pair annihilation Yexe — WTW - (gsin6)* mediator annihilation
Xexe = h* — fF,VV | (usin(20)/v)?
Xexe = hh (pcos(20)/v)*
co-annihilation xext — ffL,VV (gsin@)? mediator decays X = xeff' (gsinf)-
Xexn — WHW— (gsin6)? Xh = xef f (/v)?
Xexn — B = ff,VV (p/v)?
co-scattering xef = xTf (gsinf)* scattering xef — xef (nsin6/v)?
xel = xnf (p/v)?
e v
« Decays become very slow ~__~
Mediat till in chemical equilibr "
o iViediators are Stll In cnemical equliliorium < SM >
- Equilibrium is lost for dark matter '\
Yl SM

« Relic abundance is set by co-scattering + mediator annihilation

These processes are not included in public codes e.g. MicrOMEGAS! ‘

Is a common feature of theories with nontrivial dark sector in a small-coupling regime
see [1904.07513], [1705.08450], [1705.09292] and [1906.09269] and the talk by P. Wang tomorrow for more examples



Small-coupling regime: phases

scalar scenario pseudo-scalar scenario

-» SM SM t

. X X - SMSM

m; = 500 GeV, Am. = 30 GeV



Co-scattering @ decoupling & colliders



Co-scattering @ decoupling & colliders

CRGC
\/ - Mediator decays are slow during
<—Ism—> decoupling.
| e But they are also long-lived at colliders!

" (o



Co-scattering @ decoupling & colliders

@ M
\/ - Mediator decays are slow during
< (sm S decoupling.
| But the ' |
| o y are also long-lived at colliders!
SM /\ SM
« Both dark states present at decoupling— M - Am 10%
—_— 0
m

compressed spectrum. DM
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Promising soft displaced signatures @ LHC

Soft displaced lepton pair
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Promising soft displaced signatures @ LHC

Soft displaced lepton pair

displaced
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Promising soft displaced signatures @ LHC

oft displaced lepton pair

displaced

Me > Mp X1 /
A

0 /
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W* s

‘ displaced
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Displaced soft leptons + prompt jets
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AM_ j, arbitrarily small
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Promising soft displaced signatures @ LHC

Displaced soft leptons + prompt jets

X1 displaced
. . v
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Collider searches

scalar scenario )
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Collider searches

Prompt searches can not help

\

M scalar scenario )
XENON1T R ——
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Lifetimes accessible @ LHC

15 < Amg < 30 GeV

disappearing
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How displaced/soft?
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How displaced/soft?

Current cut
[CMS-PAS-EXO-16-022]
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How displaced/soft?

Current cut
[CMS-PAS-EXO-16-022]

1071

do/dp+(l *)/lo
-
<

1073

pr(l *)

N

80

thermal relic

13



[CMS-PAS-EXO-16-022]
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Summary

e The singlet-triplet Higgs portal is a minimal fermionic extension to the
SM weak sector with a naturally small coupling.

e Due to strong direct detection constraints, the thermal relic abundance of
dark matter is set by mediator annihilation and co-scattering processes.

e This also leads to a natural appearance of the long-lived states. The most
promising collider signatures involve displaced particles.

e New searches are needed to conclusively test this scenario: displaced
soft leptons, appearing tracks, etc.

ultra soft & soft & missing
long-lived displaced prompt energy
1077 10~ ° 0.01 0.1
| | I |
| | | > Ix
freeze-in co- co- pair
scattering annihilation annihilation

|S.Westhoff's talk at 5th LLP Workshop] 4



Thank you!
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Surviving regions: pseudoscalar case
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14 02
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LHC: prompt and displaced soft particles

Disappearing charged tracks

/ ATLAS [1712.02118]
-+ Mahbubani, Schwaller, Zurita [1703.05327]
™
" Soft leptons

l Bharuchaa, Brimmer, Desai [ 1804.02357]
CMS [1206.3949]

AM =15 — 30 GeV

Displaced jets
Nagata, Otono, Shirai [1506.08206]




Collider searches

pseudo-scalar scenario
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Going to the mass basis: two cases

Scalar scenario
2
ms > pu°/my

X

(v

sin 6 & + ¢

) B (COSHXOS —sin@x%

)

0s 0 X

(

Pseudo-scalar scenario
2
mg < pu°/mrp

cos 0 X% + sin 6 175 X%
sin @ 17y X?g + cos 0 XOT

)

mp e = %(mT + Mg Amhg) m;%e = %(Amhg T (mT —+ ms)) = T Mpy
me = mmr Me = M
: _ 2 2 H
with Ampe = \/(mT —mg)? 4+ 4pu 0 ~
mr —mg

In both scenarios m, /m/, > 0




Disappearing charged tracks

Charged mediator leaves track in the inner detector
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Relic density
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Scalar vs. Pseudo-scalar decay rates

Example:

L'y = G%AM? X PS " m. \2]1/2
— ; = |1-=
| Xt = Xnm: PS =11 (AM)
AM? (3-body) or f2AM? (2-body)
For small mass splittings:
X X
- + NS - ia
‘;‘//:\/\E\:g* l h* \T\_“._»—*-' b
. \\
v b
[ AMgl SC AMELZ
+ 120 h 60
5
pre-se o AMe, Cpse  AM,



