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The Higgs Portal Opportunity

* The Higgs is uniquely suited to connecting to new physics:

|. Small decay width:

l (hsm) = 4.1MeV | (3" 10 °)my

<Znew decay modes can have significant branchings

2. Lowest dimensional gauge-invariant SM operator:
Lett ! (BSM)[H|?

<Zless suppressed compared to other connections

* Rare Higgs boson decays realize this opportunity!
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The Higgs Portal Opportunity

* Note: i — a + b requires My + myp < my, .
<zZnon-SM decay products must be light

<zZnon-SM decay products must be “dark”

Higgs? &
LC
hidden

/ LEP \\\\7 alley

%f [Strassler+Zurek 2006]
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Numbers of Higgs Bosons Produced
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[Gori 2015]

* Potentially sensitive up to BR ~ (few) x 1077, 107°.
LHC better for very clean channels, ILC better for others.



2 TRIUMF

Three Exotic Examples

|. Dark scalars:

h—0+9, ¢—ff
2. Dark photons:

h— XH*4+XH  XHSff

3. Beyond:
h — (topologies)
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Higgs Decays to Dark Scalars



2 TRIUMF

Higgs Portal Coupling

* New dark scalar & with no SM charges.

» Higgs portal coupling with ®(z) — 1+ ¢(z)/V/2

R|OPIH? = k|V262 1 10| vh+ ...

¢ v f
K K
__________ X N _____
h \ b X
"4 ]
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Direct Limits on Dark Scalars

 Direct limits on the scalar ¢ are weak for mg > 5GeV .
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Direct Limits on Dark Scalars

 Direct limits on the scalar ¢ are weak for mg > 5GeV .
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Higgs Decays to Dark Scalars
» Decay chain: h — ¢ — (ff)(f'f)

* Final states depend on BR(¢! ff) via Higgs mixing.
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Dark Scalar Branching Ratios

+ T'(p = ff) m?e from Higgs mixing.
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[Curtin et al. 201 3]
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LHC Limits and Projections

* Limits on leptonic final states are strong.

* But these are usually rare for a dark scalar.
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2HDM+S type-1
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Prospects for Future Colliders

* A comparative collider study: [Liu,Wang, Zhang 2016]
ILC =2ab™' @ 250 GeV

CEPC = 5ab™ ' @ 240 GeV
FCC-ce = 30ab~+ @ 240 GeV

* Focus on Zh production with leptonic Z decay.

15
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Prospects for Future Colliders

BR(h—Exotics)
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A comparative collider study:
ILC =2ab~ ' @ 250 GeV

CEPC = 5ab~ ' @ 240 GeV
FCC-ce = 30ab~! @ 240 GeV

95% C.L. upper limit on selected Higgs Exotic Decay BR

[Liu,Wang, Zhang 2016]

‘(m HL-LHC
m CEPC

m ILC(H20)
m FCC-ee )

M, (bb)*MEr (jj)*/‘/IET (z D+ME, bb*MEr Iitg, T “ME, (bb) 1y ) (CC)(CC) Way  (bo)( 77) (75)¢ 77) U(yy (ry)( V)

N !

16



2 TRIUMF

Riggs Decays to Dark Photons
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Dark Photon with Kinetic Mixing

* Abelian vector boson X* with no direct SM charges:

()

€
— X, B" — X, F" —ctyw X, 2"

Cw
* Induces decays to the SM: SM
£
e
A Y

[Okun 1982; Holdom 1986] SM

18
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Dark Photons and the Higgs

* Kinetic mixing also connects the dark photon to the Z.

* Higgs decay:

[Curtin et al. 201 3; Falkowski+Vega-Morales 2014; Curtin et al. 2014]
[see also: Isidori, Manohar, Trott 201 3]

19
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Dark Photons and the Higgs

* The Higgs can also connect to dark photons in other ways:

e Dark Scalar: X
K f
__________ ><_ A

h ¢ SI\\
[Gopalakrishna, Jung,Wells 2008; ... ; Curtin et al. 2014] X

e Connector Fermions: SEEEE N ¢

______________ rq)

[Lu, DM, Wijangco 2017]

» Consider h - { XX}, {XZ}, {X~}.

X, 72,
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Direct Limits on Dark Photons

» Hidden vector X*, mass m, > 2m., decays X* — SM:
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[Bjorken, Essig, Schuster, Toro 2009; ..; liten et al. 2016]



2 TRIUMF

Direct Limits on Dark Photons

» Hidden vector X*, mass m, > 2m., decays X* — SM:
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Higgs Decays to Dark Photons
+ Decay chain: h — XX — (£)(f'f")

t
X
f
h - -~---——-—-————--—-
£’
X
£’

» Final states depend on BR(X — ff) via kinetic mixing.
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Br(Zp - SM)

Dark Photon Decays

« (X — ff) « Q2 (mostly) from kinetic mixing

1.0 05
0.8- '
i hadrons 0'4f
0.6 0.3;
S
I M
04 0.2
0.2+
0.0

00 05 10 15
mz, [GeV]

20 25 30 00—

0.1

light hadrons

[Curtin et al. 2013]
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Upper Boundon BR (H —Z,Z))
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LHC Limits and Projections
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[Curtin, Essig, Gori, Shelton 2014]
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Tests at a Linear Collider

* lLarge leptonic BR gives strong LHC exclusion reach.

* Hadronic modes are much more challenging at the LHC.
So are dark vector masses below m, < 1 GeV,

Y

* By measuring multiple decay modes, a LC could test the
nature of the dark vector boson in h — X X
(i.e. dark photon or something else?)

* Fine vertexing resolution could tag displaced dark vectors.
For a dark photon, this would determine ¢ .

e Need studies!

26
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Beyond
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Beyond

* Too many exotic Higgs decays to list.
Organize by final states and topology:

=
<

N AN

[Curtin et al. 201 3]

/<<
\<<
/<<
N
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Rich Dark Sectors

* Non-minimal “rich dark sectors” are well-motivated:

* new states from dark symmetry breaking or naturalness
* non-minimal dark matter:iDM,xDM,ADM, SIDM, ...

* muons (i.e. the visible sector is complicated)

* These often lead to complicated exotic Higgs decays.

[J. Alexander et al. Dark Sectors 2016 Community Report]

29
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Rich Dark Sectors: Example #1

* Dark vector with dark Higgs, 2m, < mg < m/2 .

< f
f

,. f
K

= =h

[Batell, Pospelov, Ritz 2009]
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Rich Dark Sectors: Example #1

Dark vector with dark Higgs, 2m, < m, < my/2.

* 8-body visible final state! [Batell, Pospelov, Ritz 2009]

high multiplicity <—soft objects:
125 GeV /8 = 15.625 GeV

LHC standard lepton pr 2 20 GeV.

Cleaner ILC environment could give better sensitivity.
Need studies!
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Rich Dark Sectors: Example #2

* Dark photon with two dark fermions X1, X2.
Dominant vector decay is X" — x1 + X2

» Lighter X1 is stable, heavier X2 decays via off-shell X*.

X1 SM
X g
K X2 Y
---------- ) GRREEEEE + % X* SM
h (l) X2
X
X1
X1

[Spray, DM 2014; Izaguirre, Krnjaic, Shuve 2015]
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Rich Dark Sectors: Example #2

* Dark photon with two dark fermions X1, X2.

Dominant vector decay is X" — x1 + X2
* Higgs decay final state is non-resonant (fH)(Sf
* Fermions are often displaced.

* Need studies!

f')+Er.

33
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Summary

Exotic Higgs decays are a tremendous opportunity to
discover and test new light “dark™ physics!

These searches complement direct dark sector tests.

Dark scalar: h — ¢¢ — (ff)(f'f') with few leptons.

Dark vector: h! XX ! (ff)(ff') with many leptons.

Rich dark sectors can produce more complicated decays.

ILC studies are needed!

34
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Extra Slides
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Portals to Dark Physics

* Three nice ways for new dark™ physics to couple to us:

|. Vector Portal

18%
X" =dark (Abelian) vector X'
2. Higgs Portal D2H |2
® = dark scalar
3. Neutrino Portal NT-H

N = dark (singlet) fermion

* dark = hidden, may or may not be connected to dark matter

36
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Vector Portal: €

* Can arise from loops of heavy matter M that is
charged under both U(l)x and U(Il)y. [Okun 1982;Holdom 1986]

()

. M
~ (947‘:; In (u> ~ 107%-10""*

* Can be further suppressed for many reasons.

37
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Dark Photons and the Higgs

* Kinetic mixing also connects the dark photon to the Z.

* Higgs decay:

[Curtin et al. 201 3; Falkowski+Vega-Morales 2014; Curtin et al. 2014]
[see also: Isidori, Manohar, Trott 201 3]
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Vector Portal and the Higgs

* Challenge:

BR(h — XZ) x ¢ (my, < my)

(U — R | B — | B - 1107
107° :

1077+
107°"
107
10-10"
10-1"
10-12
10-13"
10-14" |
10~ 1L — A ‘ ‘ ‘ L ‘ ‘ ‘ 1401

Br(h-Zpll->4l)

mz, (GeV)

[Curtin, Essig, Gori, Shelton 2014]
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Vector Portal and the Higgs

e ATLAS Search:

95% CL upper limit on BR(H— ZZ,— 4l)

102 g
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- ATLAS —— Observed :

- e Expected s
Is=8 TeV, 20.7 fb”

= [ =+10 =

s +20 -

[ATLAS 2015]
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Vector Portal and the Higgs

* Drell-Yan pp — X — ¢{ usually does better:
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10 102 10°
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[Curtin, Essig, Gori, Shelton 2014]
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Higgs Portal (with Vector)

* Where does the X* mass come from!?

e.g. dark Higgs field: ®(z) — 1+ ¢(x)/V2

* Higgs portal coupling:

<[ BRIHP = k|né+ V267
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Higgs Portal (with Vector)

* Higgs portal induces new SM Higgs decay channels:

[Gopalakrishna, Jung,Wells 2008; ... ; Curtin et al. 2014]

» Contributes to h — 40 if X* — /0.
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Higgs Portal (with Vector)

* Loosely constrained portal coupling allows large BR.
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107! [Clarke 2015]
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Higgs Portal (with Vector)

* For X" — SM + SM via gauge kinetic mixing,
mixing parameter € controls vector lifetime.

LHC14, 3000/fb, L < 1m
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