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One-Slide Motivation
Low-dimension gauge invariants of the SM:
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Hypercharge 
portal, 

constrained by 
low-energy 

probes 

Neutrino portal, 
most info 

comes from the 
ν experiments  

Higgs portal, 
chance for rare 

exotic Higgs 
decays 



The Higgs Is Very 
Sensitive 

Higgs width:

The sharp raise of the ZZ* 

and WW* channels just 
opens up. Enough to 

measure these channels, 
not enough to overwhelm 

the total width.

𝚪(mh=125 GeV) ≈ 4 MeV

Small BSM couplings can yield considerable BRs



Categorization: 
Assumptions  

The observed 125 GeV Higgs is principally 
responsible for the EW symmetry breaking 

The Higgs is mostly SM-like, the exotic 
decays are rare 

Restrict ourselves to exotic decays into 2 
neutral light BSM particles that might or 
might not decay back to the SM 



Classification of 
Decays 
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FIG. 2: The exotic Higgs decay topologies we consider in this document, along with the labels

we use to refer to them. Every intermediate line in these diagrams represents an on-shell, neutral

particle, which is either a Z-boson or a BSM particle.

parentheses we list the section numbers where a particular decay mode will be discussed in

more detail. A pair of particles in parentheses denotes that they form a resonance.

• h ! 2

This topology occurs for Higgs decays into BSM particles with a lifetime longer than

detector scales. It includes h ! invisible decays [24, 46–48] and, in principle, h ! R-

hadrons, although the latter scenario is strongly constrained. In this paper, we consider

only:

1. h ! invisible (E/T ) (§2)

• h ! 2 ! 3

Here the Higgs decays to one final-state particle that is detector-stable and another

one that decays promptly or with a displaced vertex. Possibilities include

1. h ! � + E/T (§12).

2. h ! (bb) + E/T (§18).

3. h ! (⌧⌧) + E/T (§19).
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Two long-lived or stable light BSM 
particle. h → invisible mode 

Higgs to two, one of the particle is 
collider stable, another is not. 

Examples:
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One of the Higgs decay products 
undergoes a cascade decay. 

Formulas
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t

B ˆQaûa
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Higgs to two, with subsequent 
decays to the SM

W “ �
B

BhA

u

hB

u

` M
BD

¯BB (113)

�� “

ÿ

i

Q3
i

g2

48⇡2

ª
d4x✏F

µ⌫

˜F µ⌫

(114)

�L “

ÿ

i

Q3
i

g2

48⇡2
✓pxqF

µ⌫

˜F µ⌫ , ✓pxq Ñ ✓pxq ` ✏pxq (115)

�L “

ÿ

i

Q3
i

B

µ

✓ ¯ �µ (116)

„ loop

2
ˆ ⇤

2
`
B

µ

✓ ´ gZ 1
µ

˘2
(117)

„

loop

4
⇤

4

m4
Z

1

`
B

µ

✓ ´ gZ 1
µ

˘4
(118)

⇤ À

64⇡3

g3 |

∞
i

Q3
i

|

m
Z

1
(119)

L “

g1g
2
N

A
8⇡2

✏
µ⌫⇢�

Z 1
µ

ˆ
A⌫a

N

B

⇢A�a

N

`

1

3

g
N

✏
abc

A⌫a

N

A⇢b

N

A�c

N

˙
(120)

F
µ⌫

, HL
↵

, |H|

2
(121)

�L “

⇣

2

s2|H|

2
(122)

�L “

µ

⇤

2
|H|

2
¯  (123)

h Ñ pjjq `

{E
T

, h Ñ pl`l´q `

{E
T

, h Ñ p⌧`⌧´
q (124)

p

¯bbqp

¯bbq, p

¯bbqp⌧`⌧´
q, p��qp��q, pjjqp��q (125)

8

Higgs daughters undergo cascade 
decays, e.g.
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 example signature 

The daughters undergo 1→3 decays
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Easy-to-Probe 
Modes

Leptons at hadron collider are easy 
to spot  

Higgs mass is fully reconstructable ☛ 
no MET

with assumption BR(ZD→ ll) = 0.3

h→ZZ’ CMS recast
Atlas 𝞼(ZZ) measurement recast  

Taking into account the BRs 
this takes us to the ballpark of 

BR∼10-5



Slightly More 
Difficult Modes 

Possible problems: the leptons are still there, but 
the Higgs mass is impossible to reconstruct 

Example: h→4𝛕

Merely 7 TeV bounds, 
but the improvement 

with the current data is 
probably mild. Cut-

and-count



“Recent” Progress: 
h→(bb)(µµ)
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CMS-PAS-HIG-14-041 These results go to the 
range of <0.1% (muons 
are distinctive). How 
much do we expect?
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FIG. 4: Left: Branching ratios of a CP-even scalar singlet to SM particles, as function of ms.

Right: Branching ratios of exotic decays of the 125 GeV Higgs boson as function of ms, in the

SM + Scalar model described in the text, scaled to Br(h ! ss) = 1. Hadronization e↵ects likely

invalidate our simple calculation in the shaded regions.

most general Two-Higgs Doublet Model (2HDM) and study it in detail (for a comprehensive

review, see e.g. [108]; for a discussion on the impact of recent SM-like Higgs boson discovery,

see e.g. [109]). Below we will then add a light scalar to the 2HDM to obtain a rich set of

exotic Higgs decays.

The most general 2HDM Higgs potential is given by [40]
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We choose the charges of the Higgs fields such that H
1

⇠ 2�1/2 and H
2

⇠ 2
+1/2. Note that we

choose conventions that di↵er slightly from the “standard” conventions of [40, 108]; this will

simplify the transition to supersymmetry models below.3 The scalar doublets H
1,2 acquire

3 To recover the conventions of [40] set �2 = H2, �1 = i�2H⇤
1 .
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“Recent” Progress: 
 h → 4b

One of the hardest channels, however in lots of 
models it is expected to be the most abundant ones 
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Figure 8: Upper limit at 95% CL on �(WH) ⇥ BR, where BR = BR(H ! aa) ⇥ BR(a ! bb)2, versus ma. The
observed (CLs) values (solid black line) are compared to the expected (median) (CLs) values under the background-
only hypothesis (dotted black line). The surrounding shaded bands correspond to the 68% and 95% CL intervals
around the expected (CLs) values, denoted by ±1� and ±2�, respectively. The solid red line indicates the SM
pp ! WH cross section, assuming BR(H ! aa) ⇥ BR(a ! bb)2 = 1. Markers are not drawn if they are outside
the y-axis range.
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To avoid the 
trigger issues:

Currently cannot even exclude 
BR = 100%. Wrong way to go?



What To Expect 
from the HL LHC?

More instantaneous luminosity — 
higher is the pileup. 

Easy channels — statistics limited (leptons). 
Difficult channels —backgrounds limited. 

Triggers? 

Back to the 4b:
Can we do better than 

that? Can we exploit tth? 
Other channels? 



HE LHC: Easy or 
Difficult?

The production cross sections will be much 
higher 

Increase in tth cross section — new opportunities? 

Soft objects will become even more difficult to 
identify 

The trigger threshold will go up 

Can we exploit the hh channel to find the exotic 
decays?



Outlook 
Exotic Higgs decays can emerge in many BSM scenarios  

The easy decays (into the leptons with full mass 
reconstruction) are already nicely constrained  

Hadronic modes and the modes with MET are still 
mostly indirectly constrained  

The most “recent” progress in some difficult channels 
motivates looking for new strategies  

Future colliders: can we use new channels? Can we do 
better than just looking for constraints in associated 
productions mode? 


