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Figure 8: Feynman diagrams leading to W+W� + /ET and W±h + /ET final states in Regions (iv),

(v) and (vi), where each ! fermion predominantly decays to �0.

Since the lifetime of !0 is . 1 cm, it typically decays to h + /ET before reaching the inner detec-

tor, so the actual final states to be observed are the B hadrons from the h.6 Notice, however, that

these B hadrons originate from a vertex that itself is already displaced, as the decay !0 ! h + /ET

has lifetime & 1 mm. This significantly degrades the e�ciency of standard b-tagging algorithms [48]

that use a “signed impact parameter” as a discriminating variable with the positive sign being pre-

ferred. As illustrated in Fig. 9, the sign is determined by the angle between the decay length vector

and the jet-axis, where the sign is taken to be positive if this angle is less than 90�. As shown in

Fig. 9(b), a significant fraction of b jets originating from displaced !0 decays will give negatively

signed impact parameters, resulting in a much reduced e�ciency of tagging the b quarks in our

signals, although a detailed simulation of this e↵ect is beyond the scope of a theoretical paper. Let

us conclude that, unlike Region (iv), we expect that the Wh searches should not be very constrain-

ing, and, turning this around, the observation of events with negative impact parameters should

be regarded as the opportunity to probe this scenario.

Given that the current Wh searches do not exclude the parameter space of interest, we are left

with the W+W� + /ET final state produced from the decays of charged ! fermions with lifetime

& 1 mm (see Fig. 8(a)). This is regarded as prompt decays by ATLAS and CMS, both of which

require the transverse impact parameter to be |d0| . 1 mm. Such prompt WW final states have

already been discussed for Region (iii).

Region (vi): Displaced Wh + /ET, Displaced WW + /ET (diagrams in Fig. 8)

This region displays a rich assortment of exotic signals, since both the charged and neutral ! decay

through displaced vertices to �0, as in Fig. 8. The lifetimes of the charged ! states are in the

range 1–50 mm, so they still decay before reaching the inner detector, rendering them safe from the

searches for long-lived charged particles, as discussed for Region (i). On the other hand, the neutral

6A fraction of !0 will decay inside the inner detector, for which we refer the reader to section on Decays inside

the inner detector or before in Region (vi).
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Post-Higgs Discovery

Measurement of the 
SM Higgs couplings

Exotic Production 
Modes

Exotic Decay Modes
(this talk)

• SUSY
• Displaced Higgs
(PJ, T. Okui
arXiv: 1303.1181)

(covered in Monday’s talk 
by Sally Dawson)
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• The Higgs boson as we know of :

Higgs Couplings to SM particles are SM-like.
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• Are exotic decays of the 
Higgs allowed by current 
experimental constraints?

Br(h → invisible/undetected) 

< 60 % at 95% C.L.
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in the H→ γγ and gg → H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors κγ and κg; (b) coupling scale factor κγ (κg is profiled);
(c) coupling scale factor κg (κγ is profiled). The dashed curves in (b) and (c) show the SM expectation.
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Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in the H→ γγ and gg → H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.
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• Will exotic decays of the Higgs 
be allowed by future 
experimental constraints?

Even with 300-1 fb @ 14 TeV LHC, 
uncertainties are at least 5-10 %. 

ATLAS-CONF-2013-034
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Figure 1: Capabilities of LHC for model-independent measurements of Higgs boson cou-
plings. The plot shows the 1 � confidence intervals for LHC at 14 TeV with 300 fb�1 as they
emerge from my fit. Deviation of the central values from zero indicates a bias, which can be
corrected for. The upper limit on the WW and ZZ couplings arises from the constraints
(2) and (3). No error is estimated for g(hcc). The bar for the invisible channel gives the 1 �
upper limit on the branching ratio. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.
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Production �
7 TeV

(pb) N10%

ev

, 5 fb�1 �
8 TeV

(pb) N10%

ev

, 20 fb�1 �
14 TeV

(pb) N10%

ev

, 300 fb�1

ggF 15.13 7,600 19.27 38,500 49.85 1.5 ⇥ 106

VBF 1.22 610 1.58 3,200 4.18 125,000

hW± 0.58 290 0.70 1,400 1.5 45,000

hW±(`±⌫) 0.58 · 0.21 62 0.70 · 0.21 300 1.5 · 0.21 9,600

hZ 0.34 170 0.42 830 0.88 26,500

hZ(`+`�) 0.34 · 0.067 11 0.42 · 0.067 56 0.88 · 0.067 1,800

tt̄h 0.086 43 0.13 260 0.61 18,300

TABLE I: The number of exotic Higgs decays in existing LHC data, per experiment, at 7 TeV

(5 fb�1) and 8 TeV (20 fb�1), and at a future 14 TeV run (300 fb�1), assuming the Stan-

dard Model production cross section of a 125 GeV Higgs boson [12] and a branching ratio of

Br(h ! BSM) = 10% for various production channels: gluon-gluon fusion (ggF), vector-boson fu-

sion (VBF), associated production (hW± and hZ, with and without branching ratios W± ! `±⌫

or Z ! `+`�, where ` = e, µ, included), and through radiation o↵ the top-quark (tt̄h).

SM states. These “coupling fits” constrain Br(h ! BSM) . 20% at 95% CL if the Higgs

is produced with SM strength; a larger BSM branching fraction, Br(h ! BSM) . 30%, is

possible if new physics is allowed to modify the loop-induced Higgs couplings to both gg

and �� (see for example [13–16] for some more recent fits). Fits that take more conservative

approaches for the theoretical uncertainty on the SM Higgs production cross-sections can

leave room for larger (. 60%) BSM branching fractions [17]. This result is similar to the one

obtained by the ATLAS and CMS collaborations [18, 19]. Bounds can be further relaxed for

models with Higgs couplings to gauge bosons larger than in the SM [20]. Future projections

for the LHC suggest an ultimate precision on this indirect measurement of Br(h ! BSM)

of O(5� 10%), see e.g. [21–23]. Branching fractions of O(10%) into exotic decay modes are

therefore not only still allowed by existing data but will remain reasonable targets for the

duration of the physics program of the LHC.

In the right columns of Table I we show the possible number of exotic Higgs decays in the

anticipated LHC14 dataset with 300 fb�1, again assuming Br(h ! BSM) = 10%. The large

rates for producing these exotic states suggest that branching fractions as small as O(10�6)

9
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Assumption : Br(h →inv/undet) = 10 % 

... some events may already 
be on the tape

And possibly many more to come 
in the future runs...

Trigg
ering iss

ues due to 

soft fi
nal st

ates?

Use W/Z ass
ociat

ed 

productio
n 

h

h

h

h

h ! 2

h ! 2 !
3

h ! 2 !
3 !

4

h ! 2 !
(1 + 3)

h

h

h

h ! 2 !
4

h ! 2 !
4 !

6

h ! 2 !
6

FIG
. 2:

The
exo

tic
Higg

s dec
ay

top
olo

gie
s we con

sid
er

in
thi

s doc
um

ent
, alo

ng
with

the
lab

els

we use
to

ref
er

to
the

m. Ever
y int

erm
edi

ate
line

in
the

se
dia

gra
ms rep

res
ent

s an
on-

she
ll,

neu
tra

l

par
ticl

e, whic
h is eith

er
a Z-boso

n or
a BSM

par
ticl

e.

• h ! 2

This
top

olo
gy

occ
urs

for
Higg

s dec
ays

int
o BSM

par
ticl

es
with

a life
tim

e lon
ger

tha
n

det
ect

or
sca

les.
It inc

lud
es h ! inv

isib
le dec

ays
[24

, 44–
46]

and
, in pri

nci
ple

, h ! R-

had
ron

s, a
lth

oug
h the

lat
ter

sce
nar

io is str
ong

ly con
str

ain
ed.

In thi
s pap

er,
we con

sid
er

onl
y:

1.
h ! inv

isib
le (

E/T
) (§2)

• h ! 2 !
3

Here
the

Higg
s dec

ays
to

one
fina

l-st
ate

par
ticl

e tha
t is det

ect
or-

sta
ble

and
ano

the
r

one
tha

t dec
ays

pro
mptl

y or
with

a dis
pla

ced
ver

tex
. Poss

ibil
itie

s inc
lud

e

1.
h ! � + E/T

(§12)
.

2.
h ! (bb

) + E/T
(§18)

.

3.
h ! (⌧⌧

) + E/T
(§19)

.

4.
h ! (��

) + E/T
(§13)

.

5.
h ! (``

) + E/T
(co

llim
ate

d lep
ton

s §16
).

15

Wednesday, May 21, 14



But why study exotic decays of the Higgs?

• It is a likely possibility. 

SM Higgs decay width, Γh  = 4.07 MeV

Even a small coupling to new particles can give sizable BR. 

• Higgs as Portal to New Physics / Dark Sector 

could be detected, if the decay signature is both visible and clean.

As for any newly discovered particle, a detailed experimental characterization of the Higgs

is imperative. Such an experimental characterization must necessarily include an exhaustive

study of its decay modes. These programs have been established for other particles, such as

the top quark, the Z-boson, B-hadrons etc., as rare decay modes of SM particles are prime

places for new physics to appear. However, it is worth emphasizing that the Higgs boson

is a special case. The tiny natural width of the SM Higgs boson, together with the ease

with which the Higgs can mediate interactions with new physics, make exotic Higgs decays

a natural and expected signature of a very broad class of theories beyond the SM.

A SM-like Higgs boson with a mass of mh = 125 GeV has an extremely narrow width,

�h ' 4.07 MeV, so that �h/mh ' 3.3 ⇥ 10�5. The reason is that tree-level decays to SM

fermions are suppressed by the small Yukawa couplings, e.g. yb,⌧ . O(10�2), decays to two

photons (��), two gluons (gg), and Z� are suppressed by loop factors, and decays to WW ⇤

and ZZ⇤ are suppressed by multibody phase space. Since the dominant decay, to two b-

quarks, is controlled by a coupling with a size of only ⇠ 0.017 (this assumes a running

b-quark mass mb(125 GeV) = 2.91 GeV evaluated in the MS scheme), even a small coupling

to another light state can easily open up additional sizable decay modes [24–27].

In fact, we have very good reasons to expect that new physics may couple preferentially

to the Higgs boson. The brief survey in §1.3 of simplified models and theories that produce

exotic Higgs decays will provide ample examples that corroborate this statement. More

generally, the Higgs provides one of only a few “portals” that allow SM matter to interact

with hidden-sector matter that is not charged under the SM forces (e.g. [28–32]), and where

the leading interaction can be (super-)renormalizable.1 Since the operator |H|2 is a SM

singlet, we can couple it to a singlet scalar field s through the Higgs portal as

�L =
⇣

2
s2|H|2 , (1)

where we have assumed for simplicity that s has a conserved Z
2

parity. This kind of inter-

action is a very common building block in models of extended Higgs sectors. If ms < mh/2,

1 The other two portals are the “vector portal” at mass dimension 2, namely the hypercharge field strength

Bµ⌫ , and the “neutrino portal”, given by the product of the Higgs and a lepton doublet, HL, with mass

dimension 5/2. The vector portal can mediate, e.g., kinetic mixing between hypercharge and a new U(1)

gauge field with the renormalizable interaction F 0
µ⌫B

µ⌫ ; the neutrino portal operator can mediate the

renormalizable coupling HLN , with N a sterile neutrino.
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• Renormalizable couplings 
to SM singlet states
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FIG. 1: Sensitivity of a 125 GeV Higgs to light weakly coupled particles. Left: Exotic Higgs

branching fraction to a singlet scalar s versus the singlet’s mass ms, assuming the interaction

Eq. (1) is solely responsible for the h ! ss decay. If the interaction in Eq. (1) generates the s

mass, the result is the orange curve; the other curves are for fixed and independent values of ⇣ and

ms. Right: Exotic Higgs branching fraction to a new fermion  interacting with the Higgs as in

Eq. (2) to illustrate the sensitivity of exotic Higgs decay searches to high scales, here ⇤. We take

here µ = m .

may be di�cult to trigger on Higgs events produced in the (dominant) gluon-gluon-fusion

channel. However, even under these pessimistic assumptions, a few hundred events should

still be on tape in the existing 7 and 8 TeV datasets, since the associated production of

the Higgs boson with a leptonically-decaying Z- or W -boson will usually be recorded due

to the presence of one or two leptons. Moreover, additional events may have triggered in

the vector boson fusion (VBF) channel due to the rapidity gap of two of the jets in these

events (see next paragraph). In some cases, more sophisticated triggers on combinations of

objects, possibly with low thresholds, may be required to write a larger fraction of events to

tape.

In addition to the “standard” LHC7 and LHC8 datasets, an additional 300–500 Hz of

data was collected and “parked” during the LHC8 running. This parked dataset was not

reconstructed immediately, but may present additional opportunities for exotic Higgs anal-

yses. For example, at CMS, it included a trigger on Higgs VBF production (Mjj > 650 GeV

and |�⌘jj| > 3.5) [33]. In ATLAS [34], the applications for Higgs physics are less direct but

the lowered object pT thresholds in the ATLAS delayed data stream may present opportuni-

12

• Probing NP scales > 1 TeV

this interaction allows h ! ss after electroweak symmetry breaking (EWSB), and even

a coupling as small as ⇣ = 10�2 yields Br(h ! BSM) = 10%. In Fig. 1 (left), we plot

Br(h ! ss) for various couplings ⇣ as a function of the singlet mass ms. Even very small

couplings of the Higgs boson to new states beyond the SM can lead to potential signals at

the LHC.

There are many possible interactions through the Higgs portal. One striking and generic

feature of these interactions is that searches for exotic Higgs decays can easily be sensitive to

new physics scales & 1 TeV. As one example, consider the (e↵ective) dimension-six Higgs-

portal interaction

�L =
µ

⇤2

|H|2 ̄ , (2)

where  is some new singlet fermion and µ is a chiral symmetry breaking parameter with

dimensions of mass. Taking µ ⇠ m for simplicity, we show the resulting Br(h !  ̄ )

versus m for various ⇤ in Fig. 1 (right). Even Br(h !  ̄ ) ⇠ O(10�2) induced by the

higher-dimensional operator of Eq. (2) is sensitive to scales ⇤ & 1 TeV. The scaling µ ⇠ m 

is conservative — some models can yield µ ⇠ v or greater, allowing even further reach (see,

e.g. , Fig. 11). Thus exotic Higgs decays can indirectly probe new physics scales beyond

the kinematic reach of the LHC, and may provide the only evidence of a new sector that is

accessible to the LHC.

Given the large Higgs sample that is being collected, it may at first glance seem sur-

prising that the majority of possible exotic Higgs decay modes are poorly constrained, if at

all, by existing searches. A major reason for this is that the dominant Higgs production

process, gluon fusion, creates Higgs bosons largely at rest, without any associated objects.

In a four-body exotic cascade decay of such a Higgs boson, for example, the characteristic

transverse momenta of the daughter particles is not large, pT . 30 GeV. Typical exotica

searches at the LHC place much higher analysis cuts on object energies, leaving such decays

largely unconstrained. In addition, the SM backgrounds are larger at lower energies, so

that dedicated analyses are required to find a new physics signal. In many cases, exotic

Higgs decay signals are thus not seen or constrained by existing non-targeted analyses. It is

necessary to perform dedicated searches for exotic Higgs decays. Since there are dozens of

possible exotic decay modes, dozens of new searches are needed to discover or constrain a

broad and generic class of theories beyond the SM.

In some cases, particularly if the exotic decay produces only jets with or without E/T , it
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FIG. 1: Sensitivity of a 125 GeV Higgs to light weakly coupled particles. Left: Exotic Higgs

branching fraction to a singlet scalar s versus the singlet’s mass ms, assuming the interaction

Eq. (1) is solely responsible for the h ! ss decay. If the interaction in Eq. (1) generates the s

mass, the result is the orange curve; the other curves are for fixed and independent values of ⇣ and

ms. Right: Exotic Higgs branching fraction to a new fermion  interacting with the Higgs as in

Eq. (2) to illustrate the sensitivity of exotic Higgs decay searches to high scales, here ⇤. We take

here µ = m .

may be di�cult to trigger on Higgs events produced in the (dominant) gluon-gluon-fusion

channel. However, even under these pessimistic assumptions, a few hundred events should

still be on tape in the existing 7 and 8 TeV datasets, since the associated production of

the Higgs boson with a leptonically-decaying Z- or W -boson will usually be recorded due

to the presence of one or two leptons. Moreover, additional events may have triggered in

the vector boson fusion (VBF) channel due to the rapidity gap of two of the jets in these

events (see next paragraph). In some cases, more sophisticated triggers on combinations of

objects, possibly with low thresholds, may be required to write a larger fraction of events to

tape.

In addition to the “standard” LHC7 and LHC8 datasets, an additional 300–500 Hz of

data was collected and “parked” during the LHC8 running. This parked dataset was not

reconstructed immediately, but may present additional opportunities for exotic Higgs anal-

yses. For example, at CMS, it included a trigger on Higgs VBF production (Mjj > 650 GeV

and |�⌘jj| > 3.5) [33]. In ATLAS [34], the applications for Higgs physics are less direct but

the lowered object pT thresholds in the ATLAS delayed data stream may present opportuni-
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Existing Experimental Searches

• h → invisible

CMS PAS HIG-13-013 (8 TeV) 

CMS PAS HIG-13-018 (7+8 TeV) 

CMS PAS HIG-13-028 (8 TeV) 

ATLAS: 1402.3244 (7+8 TeV)

• h → light pseudoscalars

h➞2a➞4γ :  ATLAS-CONF-2012-079 (7 TeV)

h➞2a➞4μ : CMS PAS HIG-13-010 (8 TeV)

• h → lepton-jets

muon-jets                :  CMS PAS HIG-13-010 (8 TeV) 

electron-jets            :   ATLAS 1302.4403 (~2/fb, 7 TeV)

displaced muon-jets  :   ATLAS 1210.0435 (~2/fb, 7 TeV)
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Aim of our work
• survey, systematize, prioritize exotic decays
• extensive literature exists, but models need reassessment:     
what BR can be probed? how maximize sensitivity?
• to some extent, develop search strategies, provide viable 
benchmark models/points, inform LHC14 trigger selection
• provide website that will be updated regularly

Exotic Higgs Decay Working Group
D. Curtin, R. Essig, S. Gori, PJ,  A. Katz, T. Liu, Z. Liu, D. McKeen, J. Shelton,

M. Strassler, Z. Surujon, B.Tweedie,Y. Zhong

Main Document : arXiv: 1312.4992

www.exotichiggs.physics.sunysb.edu
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• Observed 125 GeV state is primarily responsible for EWSB
• 125 GeV state decays to new BSM particles
• Initial decay is 2-body

Assumptions 

h
h

h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h h h

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

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.

• h ! 2

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

detector scales. It includes h ! invisible decays [24, 44–46] 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).

4. h ! (��) + E/T (§13).

5. h ! (``) + E/T (collimated leptons §16).

15

Wednesday, May 21, 14



We studied

"21

Decay Modes we studied

Contents

1. Introduction and Overview 7

1.1. General Motivation to Search for Exotic Higgs Decays 8

1.2. Exotic Decay Modes of the 125 GeV Higgs Boson 13

1.3. Theoretical Models for Exotic Higgs Decays 19

1.3.1. SM + Scalar 19

1.3.2. 2HDM (+ Scalar) 23

1.3.3. SM + Fermion 35

1.3.4. SM + 2 Fermions 39

1.3.5. SM + Vector 40

1.3.6. MSSM 49

1.3.7. NMSSM with exotic Higgs decay to scalars 51

1.3.8. NMSSM with exotic Higgs decay to fermions 53

1.3.9. Little Higgs 55

1.3.10. Hidden Valleys 56

2. h ! E/T 62

2.1. Theoretical Motivation 62

2.2. Existing Collider Studies 62

2.3. Existing Experimental Searches and Limits 64

3. h ! 4b 64

3.1. Theoretical Motivation 64

3.2. Existing Collider Studies 65

3.3. Existing Experimental Searches and Limits 67

3.4. Proposals for New Searches at the LHC 69

4. h ! 2b2⌧⌧⌧ 70

4.1. Theoretical Motivation 70

4.2. Existing Collider Studies 70

4.3. Discussion of Future Searches at the LHC 71

5. h ! 2b2µµµ 72

3

Theoretical Models

Need Simplified Model Approach!

Wednesday, May 21, 14



1 2 5 10 20 50
10!4

0.001

0.01

0.1

1

ms !GeV"

B
r#
s"
SM
$

bb
cc
ss
ΤΤ
ΜΜ
gg

ΓΓ

uu
dd

1 2 5 10 20 50
10!4

0.001

0.01

0.1

1

ms !GeV"

B
r#
h"
ss
"
X
X
Y
Y
$

4b
bbΤΤ
ccΤΤ
4Τ

4g
ggΤΤ
bbΜΜ
4Μ
ΤΤΜΜ

ggΜΜ

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.

exotic Higgs decays.

The most general 2HDM Higgs potential is given by [40]

V = m2

1

|H
1

|2 + m2
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|2 +
�
2

2
|H

2

|2 + �
3

|H
1

|2|H
2

|2 + �
4

|H†
1

H
2

|2 + (10)

�
5

2

�
(H

1

H
2

)2 + c.c.
�

+ m2
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) + c.c.
�

+
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|2(H
1

H
2

) + c.c.
�

.

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, 106]; this will

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

vacuum expectation values v
1,2, which we assume here are real and aligned. Expanding

3 To recover the conventions of [40] set �2 = H2, �1 = i�2H⇤
1 .

24

Exotic Higgs Decays : Rich Phenomenology 

• Example 1 : SM + Singlet

Three Examples

At the renormalizable level, gauge invariance allows the singlet S to couple only to itself

and to H†H ⌘ |H|2. The resulting potential is given by

V (H, S) = V (H) + V̂ (S) + k S |H|2 +
1

2
⇣ S2 |H|2 , (3)

where V̂ (S) is a general quartic polynomial that may give S a vacuum expectation value.

The couplings k and ⇣ generate mixings between H and S. Assuming those mixings are

small, we identify the uneaten doublet degree of freedom to be the SM-like Higgs with

mh = 125 GeV and take the singlet field to have a mass below mh/2. The small mixings

give mass eigenstates h and s, which are mostly doublet- and singlet-like, respectively. The

decays h ! ss are generated by an e↵ective cubic term, and s decays to SM particles via

its doublet admixture.

Imposing a Z
2

symmetry S ! �S, we can obtain a simpler version of this model with

similar phenomenology. In this case, V̂ (S) contains only quadratic and quartic terms and

k = 0, e.g.

V (H, S) = �µ2 |H|2 � 1

2
µ02 S2 + � |H|4 +

1

4
 S4 +

1

2
⇣ S2 |H|2. (4)

Depending on the choice of couplings, the potential may have a minimum at S = 0, in which

case the Z
2

is unbroken, there is no mixing between H and S, and the S does not decay; the

coupling ⇣ induces the invisible decay h ! ss. If the minimum instead has S 6= 0, then the

Z
2

is broken, and the coupling ⇣ now not only produces a cubic term but also a quadratic

term that allows H and S to mix. In this case, the phenomenology is just as described in

the previous paragraph, i.e. h ! ss for ms < mh/2, with s decaying to SM particles.

A third model, with essentially identical phenomenology, involves a theory with a complex

scalar and an approximate U(1) global symmetry.2 Here the scalar potential is as above,

with S now complex, and with a small U(1) breaking part:

V (H, S) = V
0

(|H|2, |S|2) + V
1

(|H|2, S, S†) (5)

V
0

= �µ2 |H|2 � µ02 |S|2 + � |H|4 +  |S|4 + ⇣ |S|2|H|2 (6)

2 An exact U(1) symmetry leads to invisible decays, while a spontaneously broken U(1) gives rise to an

unacceptable massless Nambu-Goldstone boson; a gauged U(1) will be discussed in §1.3.2.

20

If unbroken Z2 symmetry  ⇒ stable S  ⇒ invisible Higgs decays

If Z2  is broken ⇒ h → s s →X X ̅ Y Y ̅
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SM + Vector

dark U(1)D gauge symmetry !
broken by a “dark” Higgs, S

Standard Model

(massive)
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✏
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kinetic mixing
Holdom

Galison, Manohar
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Exotic Higgs Decays : Rich Phenomenology 
• Example II : SM + Vector
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FIG. 13: (a) Branching ratios for ZD decay, to lowest order and without QCD corrections, assum-

ing decays to the dark sector are kinematically forbidden. Hadronization e↵ects likely invalidate

our simple calculation in the shaded region. (b) Branching ratios for ZD decay for mZD . 3 GeV,

including non-perturbative QCD e↵ects.

e↵ects are important. They can be computed from the QCD contribution to the imaginary

part of the electromagnetic two-point function, which in turn is determined from cross-

section measurements of e+e� ! hadrons [173]. The resulting branching ratios are shown

in Fig. 13 (b).

The most important qualitative di↵erence to the scalar decays considered in §1.3.1 and

1.3.2 is that branching ratios are ordered by gauge coupling instead of Yukawa coupling,

meaning decays to e+e� and µ+µ� remain large above the ⌧ thresholds. Prompt ZD decay

requires ✏ & 10�5 � 10�3, as indicated in Fig. 12, which summarizes the constraints on ZD

kinetic mixing for our regime of interest.

The Higgs potential is minimized by vacuum expectation values of H0 and S

H0 =
1p
2
(h + v) , S =

1p
2
(s + w) , (48)

where to leading order in the small Higgs mixing ⇣,

v =
µp
�
� ⇣

µ2

D

4�D

p
�µ

⇡ 246 GeV and w =
µDp
�D

� ⇣
µ2

4�
p

�DµD

. (49)
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FIG. 14: The dominant exotic Higgs decays in the SM+V model. The h ! ZZD matrix element

is proportional to the gauge kinetic mixing ✏, while h ! ZDZD and h ! ss are controlled by the

Higgs mixing parameter ⇣. The vertex hsZD is present but suppressed by both mixings.

The mass eigenstates

h̃ = h � ✏hs

s̃ = s + ✏hh, where ✏h = ⇣
µµD

2
p

��D|µ2 � µ2

D|
, (50)

have masses

m2

h = 2µ2 � ⇣
µ2

D

�D

and m2

s = 2µ2

D � ⇣
µ2

�
. (51)

(Again we drop the tildes from now on and always refer to the mass eigenstates.) The

e↵ective Lagrangian contains terms of the form hss where  = ⇣(m3

h+2mhm
2

s)/(
p

16�(m2

h�
m2

s)), and 2✏h
m2

Z
w

hZDµZ
µ
D, which lead to exotic Higgs decays h ! ss and h ! ZDZD, see

Fig. 14. The vertex hsZD is present but is suppressed by both mixings.

We can now discuss the relevant limits of this theory for exotic Higgs phenomenology:

• Gauge mixing dominates:

For ✏ � ⇣ the dominant exotic Higgs decay is h ! ZZD. To leading order in m2

ZD
/m2

Z

the partial width is

�(h ! ZZD) =
✏2 tan2 ✓W

8⇡

m2

ZD
(m2

h � m2

Z)3

m3

hm
2

Zv2

. (52)

This agrees with the full analytical expression to ⇠ 10% for mh�mZ �mZD > 1 GeV.

Fig. 12 shows contours of Br(h ! ZZD) = 10�4, 10�5, 10�6. The largest Br allowed

by indirect electroweak precision constraints is ⇠ 10�3.

In this regime, the SM+V theory leads to the ff̄ +Z exotic Higgs signatures discussed

in §10. As outlined on page 43, dedicated LHC searches for this signal at Run I and II

can improve upon the electroweak precision limit. For very light ZD above the electron

threshold this would also lead to lepton-jets + Z signatures, see §16 [147].

46

Unlike previous example,
NOT Yukawa weighted
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projection/limit based on theory estimate in literature (L), our theory
estimate (T), our re-interpretation of an LHC limit (R), or is unknown (U)

 h ➞ a a(ʹ) ➞ fermions

Projected/Current quarks allowed quarks suppressed

Decay 2� Limit Produc- Limit on Limit on

Mode on Br(Fi) tion Br(Fi)

Br(non-SM)

�
�SM

· Br(non-SM) Br(Fi)

Br(non-SM)

�
�SM

· Br(non-SM)

Fi 7+8 [14] TeV Mode 7+8 [14] TeV 7+8 [14] TeV

bb̄bb̄ 0.7R [0.2L] W 0.8 0.9 [0.2] 0 –

bb̄⌧⌧ > 1 [0.15L] V 0.1 > 1 [1] 0 –

bb̄µµ (2 � 7) · 10�4 T G 3 ⇥ 10�4 0.7 � 1 0 –

[(0.6 � 2) · 10�4 T ] [0.2 � 0.7]

⌧⌧⌧⌧ 0.2 � 0.4R [U] G 0.005 40 � 80 [U] 1 0.2 � 0.4 [U]

⌧⌧µµ (3 � 7) · 10�4 T [U] G 3 ⇥ 10�5 10 � 20 [U] 0.007 0.04 � 0.1 [U]

µµµµ 1 · 10�4 R [U] G 1 · 10�7 1000 [U] 1 · 10�5 10 [U]

TABLE XII: Estimates for current or projected limits on various processes in h ! aa, if a couplings

are proportional to masses, and either a ! quarks is allowed as in an NMSSM-type model (center

columns) or a ! quarks is suppressed relative to a ! leptons (right columns). A “U” indicates

that we know of no relevant estimate. Production modes: G for gg ! h, V for vector boson fusion,

W, Z for Wh and Zh. For 14 TeV, results require 100 fb�1 unless marked with a superscript ⇤
indicating 300 fb�1 are required. We distinguish L = estimate obtained from theory literature;

T = estimate obtained in this paper from theoretical study; R = result obtained in this paper

by reinterpreting LHC data; direct limits from experiments have no superscript. See §20.1 for

additional information and cautionary remarks.

We then try to put these results in a model-dependent but broad perspective. The

relative branching fractions, i.e. the rates of particular final states relative to the total rate

for all non-SM modes, are shown for two fiducial classes of models: one (fourth column)

where a decays to both quarks and leptons with relative branching fractions representative

of NMSSM-type models, and a second (sixth column) where quark decays are suppressed

either by couplings (vanishing aqq̄ couplings) or by kinematics (ma < 2mb). (In the latter

case, our numbers are approximate because we ignore a ! cc̄, etc.) Then, by dividing these

relative branching fractions by the potential (or current) limit (second column), we obtain

the sensitivity that this search provides for Br(h ! aa), for the two fiducial models (fifth and

156

h ➞ 4b 
a a ➞ 4b
(❨Yukawa

 weighted)❩ 
h ➞ aa 
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Projected/Current quarks allowed quarks suppressed

Decay 2� Limit Produc- Limit on Limit on

Mode on Br(Fi) tion Br(Fi)

Br(non-SM)

�
�SM

· Br(non-SM) Br(Fi)

Br(non-SM)

�
�SM

· Br(non-SM)

Fi 7+8 [14] TeV Mode 7+8 [14] TeV 7+8 [14] TeV

bb̄bb̄ 0.7R [0.2L] W 0.8 0.9 [0.2] 0 –

bb̄⌧⌧ > 1 [0.15L] V 0.1 > 1 [1] 0 –

bb̄µµ (2 � 7) · 10�4 T G 3 ⇥ 10�4 0.7 � 1 0 –

[(0.6 � 2) · 10�4 T ] [0.2 � 0.7]

⌧⌧⌧⌧ 0.2 � 0.4R [U] G 0.005 40 � 80 [U] 1 0.2 � 0.4 [U]

⌧⌧µµ (3 � 7) · 10�4 T [U] G 3 ⇥ 10�5 10 � 20 [U] 0.007 0.04 � 0.1 [U]

µµµµ 1 · 10�4 R [U] G 1 · 10�7 1000 [U] 1 · 10�5 10 [U]

TABLE XII: Estimates for current or projected limits on various processes in h ! aa, if a couplings

are proportional to masses, and either a ! quarks is allowed as in an NMSSM-type model (center

columns) or a ! quarks is suppressed relative to a ! leptons (right columns). A “U” indicates

that we know of no relevant estimate. Production modes: G for gg ! h, V for vector boson fusion,

W, Z for Wh and Zh. For 14 TeV, results require 100 fb�1 unless marked with a superscript ⇤
indicating 300 fb�1 are required. We distinguish L = estimate obtained from theory literature;

T = estimate obtained in this paper from theoretical study; R = result obtained in this paper

by reinterpreting LHC data; direct limits from experiments have no superscript. See §20.1 for

additional information and cautionary remarks.

We then try to put these results in a model-dependent but broad perspective. The

relative branching fractions, i.e. the rates of particular final states relative to the total rate

for all non-SM modes, are shown for two fiducial classes of models: one (fourth column)

where a decays to both quarks and leptons with relative branching fractions representative

of NMSSM-type models, and a second (sixth column) where quark decays are suppressed

either by couplings (vanishing aqq̄ couplings) or by kinematics (ma < 2mb). (In the latter

case, our numbers are approximate because we ignore a ! cc̄, etc.) Then, by dividing these

relative branching fractions by the potential (or current) limit (second column), we obtain

the sensitivity that this search provides for Br(h ! aa), for the two fiducial models (fifth and
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bbμμ & ττμμ searches well motivated in Run 1 & Run II

 h ➞ a a(ʹ) ➞ fermions
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Example : Limits on h ➞ a a ➞ 4b

Carena et al.  -  arXiv:0712.2466
Kaplan, McEvoy - arXiv:1102.0704
(Use of jet-substructure techniques)

Theory estimates for 14 TeV LHC from existing literature

Limits from recasting h →2 b LHC searches (7/8 TeV)

For ma < 15 GeV,  b-pair highly collimated.
⇒ Efficiency of SM h →bb analysis is high

Br(h → 4b) < 0.7
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search for 4γ in Run I and for 4γ, 4j, 2γ2j in Run II

 h ➞ a a(ʹ) ➞ γγ/gg

Projected/Current Br(a ! ��) ⇡ 0.004 Br(a ! ��) ⇡ 0.04

Decay 2� Limit Produc- Limit on Limit on

Mode on Br(Fi) tion Br(Fi)

Br(non-SM)

�
�SM

· Br(non-SM) Br(Fi)

Br(non-SM)

�
�SM

· Br(non-SM)

Fi 7+8 [14] TeV Mode 7+8 [14] TeV 7+8 [14] TeV

jjjj > 1 [0.1L⇤] W 0.99 > 1 [0.1⇤] 0.92 > 1 [0.1⇤]

��jj 0.04 [0.01L⇤] W 0.008 5 [1⇤] 0.08 0.5 [0.1⇤]

���� 2 · 10�4 T [3 · 10�5 L⇤] G 1 · 10�5 20 [1⇤] 0.001 0.2 [0.03⇤]

TABLE XIII: Estimates for various processes in h ! aa if a decays only to SM gauge bosons

through loops. The central columns show the case where the couplings are generated by initially

degenerate SU(5) multiplets; the right columns show the case where the a ! �� rate is enhanced

by a factor of 10. Note that all 14 TeV results shown require 300 fb�1 of data. See Table XII for

notation. The superscripts indicate: ⇤ = 300 fb�1, L = estimate from theory literature, T = our

theoretical study, R = our recast of experimental data.

couplings are commonly proportional to gauge couplings squared (i.e. to ↵i), in which case

Br(a ! ��) ⇠ 0.004 ⇥ Br(a ! gg) for a degenerate SU(5) multiplet of fermions coupling

equally to a (see §8). But if the masses M of the heavy colored particles in the loops

are larger than the masses m of the colorless ones, the rate for photon production may be

enhanced by at least a factor of (M/m)2.

Estimated limits for this case are shown in Table XIII. If the heavy particles are degenerate

and in complete SU(5) multiplets, then the center columns show that only the four-jet search

has any reach, with phenomenologically relevant sensitivity possible for ma . 5 GeV with

300 fb�1 of data. If the branching fraction a ! �� is enhanced by a factor of 10, as would

happen if the colored particles appearing in the loop graph were about 3 times heavier than

the colorless particles, then the situation is given in the right columns. In this case, the

four-photon search is clearly superior.

We should of course note that it is possible to have a particle that dominantly decays to

��. This could occur for a pseudoscalar a if it couples to the visible sector only through

loops of heavy colorless charged particles. In this case there would be only 4� decays and

no 4j or 2j2� decays.
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search for 4ℓhighly motivated in Run I and Run II

 h ➞ ZD ZD

Projected/Current

Decay 2� Limit Produc- Limit on

Mode on Br(Fi) tion Br(Fi)

Br(non-SM)

�
�SM

· Br(non-SM)

Fi 7+8 [14] TeV Mode 7+8 [14] TeV

jjjj > 1 [0.1L⇤] W 0.25 > 1 [0.4⇤]

```` 4 · 10�5 R [U] G 0.09 4 · 10�4 [U]

jjµµ 0.002 � 0.008 T [U] G 0.15 0.01 � 0.06

[(5 � 20) ⇥ 10�4 T ] [0.003 � 0.01]

bb̄µµ (2 � 7) · 10�4 T G 0.015 0.01 � 0.05

[(6 � 20) · 10�5 T ] [0.003 � 0.01]

TABLE XIV: Estimates for various processes in h ! ZDZD if mZD > 2mb and couplings are

proportional to electric charges. ` = e, µ and all numbers represent the sum of processes involving

e and µ; j represents all jets except b quarks. See Table XII for notation. The superscripts indicate:

⇤ = 300 fb�1, L = estimate from theory literature, T = our theoretical study, R = our recast of

experimental data.

triggering and reconstruction e�ciencies will be lower than for muons in many cases. But

even combining all of these together, it appears that dilepton plus jets final states would only

be competitive in models where the branching fractions for leptons is significantly reduced

compared to the case we consider in Table XIV.

The constraints on h ! ZZD and Za are shown in Table XV. The h ! ZZ⇤ search

sets powerful constraints. In the case of ZZD, they are close to competitive with indirect

constraints from electroweak precision measurements for mZD & 10 GeV, see Fig. 12. (For

mZD . 10 GeV, other constraints are much stronger.) A more optimized search with

su�cient luminosity at the 14 TeV (and maybe already the 8 TeV) LHC will yield superior

limits for mZD & 10 GeV. The bounds on h ! Za from four lepton final state are rather

weak due to Yukawa suppression. The decay h ! Za is an example of an asymmetric

h ! 2 ! 4 decay, and other search channels such as h ! Za ! (`+`�)(bb̄) may provide

better sensitivity in the long run.

We therefore find that searches for four-lepton final states in h ! (`+`�)(`+`�) via non-
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Summary of highly motivated searches

• search across full kinematic range, including regimes where 
leptons are collimated or (b-)jets merge

• in some cases, re-interpret search for same final state but 
w/ small MET by relaxing invariant mass = 125 GeV

h ! ZDZD ! (`+`�)(`+`�)

h ! ZZD ! (`+`�)(`+`�)

h ! `+`� + /ET

h ! `+`�`+`� + /ET

h ! aa(
0) ! (bb̄)(µ+µ�)

h ! aa(
0) ! (⌧+⌧�)(µ+µ�)

h ! aa(
0) ! (��)(��)

h ! �� + /ET

•  !

•  !

•  !

•  !

•  !

•  !

•  !

•  

"55

Summary of highly motivated searches

• Search across full kinematic range, including regimes where leptons are 
collimated or (b-)jets merge
• Relaxing invariant mass = 125 GeV
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