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Searching for exotic production of Higgs boson + X to map out new physics
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We propose leveraging our proficiency for detecting Higgs resonances by using the Higgs as a tagging
object for new heavy physics. In particular, we argue that searches for exotic Higgs production from decays
of color-singlet fields with electroweak charges could beat current searches at the Large Hadron Collider
which look for their decays to vectors. As an example, we study the production and decay of vectorlike
leptons which admit Yukawa couplings with Standard Model leptons. We find that bounds from run 2
searches are consistent with anywhere from hundreds to many thousands of Higgses having been produced
in their decays over the same period, depending on the representation. Dedicated searches for these
signatures may thus be able to significantly improve our reach at the electroweak energy frontier.
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I. INTRODUCTION

With the discovery of the Higgs boson at the Large
Hadron Collider (LHC) [1,2], we have completely explored
the map of the basic ingredients of the Standard Model
(SM)—as drawn up by particle physicists in the 1960s and
1970s. Through the combined efforts of thousands of
physicists over decades of work, we indeed found treasure
buried each place we were told to look, and this has opened
a new era in the quest to understand particle physics. But
we may not rest on our laurels—there is far more yet
unknown, lying somewhere off where there be dragons,
perhaps already sketched out in one of the many maps our
theoretical cartographers have dreamt up. Questions from
the origins of neutrino masses to the microphysics of dark
matter to the mechanism of baryogenesis tell us we must
keep searching. As in any good mystery, our discovery of
this newest clue has raised even more questions regarding
the origins of the Higgs. In particular, in recent years
the much-loved top-down frameworks tying the Higgs
to the above questions, in addition to classic ideas about
the Higgs itself, have seen growing empirical tension. But
while experimental signatures have remained elusive so far,
there has been an array of new strategies proposed for
looking beyond the SM (BSM).
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One such strategy is leveraging our most recent clue
about the Universe to try to find further new evidence, as
any good detective knows. Such strategies have already
been investigated and implemented in multiple frontiers.
Precision measurements of Higgs couplings can reveal
clues about extended scalar sectors, as called for in a wide
variety of models from supersymmetric extensions to more
general two-Higgs-doublet models and beyond (e.g.,
[3-6]). Out in the sky, the dynamics of the Higgs field
during inflation can imprint features to be seen in cosmo-
logical experiments (e.g., [7-10]) and later its tachyonic
potential around the origin may lead to electroweak baryo-
genesis and signatures imprinted in gravitational waves
(e.g., [11-14]). In colliders we already have nontrivial
constraints on dark sectors from the Higgs invisible
branching ratio (e.g., [15-18]), and can probe even more
sharply BSM Higgs decays into long-lived particles (e.g.,
[19-27]). Needless to say, the use of Higgs physics to probe
a menagerie of epochs in diverse ways is but one of the
many benefits to particle physics that the discovery of the
Higgs has provided.

Here our focus is on the application of this strategy to our
exploration of the highest energies in view. In particular we
study the prospects of searching for on-shell production of
new particles with SM gauge charges via their decays to on-
shell Higgses at colliders. Given our newfound skill at
looking for products of Higgs decays, this can give us a
powerful probe of new particles which decay into
Higgs + X—where X is some SM particle—so can be
seen in both two- and three-body invariant mass spectra. In
fact this strategy of bootstrapping our knowledge of particle
physics using previous discoveries has paid off before.
Since the discovery of the W and Z bosons, both new
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fundamental particles—the top quark [28,29] and the
Higgs—have been discovered among channels using the
decay into an on-shell W/Z boson. Against this backdrop,
the suggestion to look for signatures of new heavy particles
decaying into on-shell Higgses is a particularly natural one.
In this manner we can hope to sequentially build the steps
in our stairway to heavy-duty understanding of the
Universe—standing firmly on our most-recently-built stair
allows us to work on the next.

BSM production of the Higgs has seen previous study
mainly in the specific contexts of weak-scale supersym-
metry (e.g., [30—42]) and other two-Higgs-doublet models
(e.g., [43-48]), often coming along with large missing
transverse energy (MET) or a high multiplicity of final
states from cascade decays (see also [49,50] for earlier
proposals to discover the Higgs with BSM production
modes). We note in particular the work of Yu [51] on the
difficult task of disentangling SM and BSM production
modes using information from differential distributions,
which will be essential in maximizing the efficiency of
realistic searches. In this light, our main message is that the
Higgs can do even more for us—there is a far wider variety
of new physics models which searches for exotic Higgs
production can usefully help us probe.

In particular we are motivated by the desire to search for
the next-lightest field with SM gauge charges, independent
of any specific UV model. As is well known, the SM
effective field theory (SMEFT) provides a powerful tool to
organize the possible effects of such heavy fields on the SM
fields, by adding irrelevant operators constructed from the
SM fields and suppressed by a high-energy cutoff in a
series expansion. However, it is not necessarily the case that
new fields will have masses high enough that their effects
will be amenable to an EFT analysis at a collider. Indeed,
for the class of new fields of interest (to be discussed
momentarily), the regime where a SMEFT analysis would
be justified lies outside the possible reach of the LHC. This
is just to say that a benefit of the energy frontier is that we
may produce these particles on shell, where poles in their
amplitudes lead to greatly enhanced, resonant production.
This allows a fantastic complementarity with the precision
frontier, where model-independent bounds placed directly
on SMEFT operators can be translated into constraints on
new fields [52].

At a collider we are thus in need of a more general
framework for the effects of new particles which knows
something more about their identities. While one may
despair that we now have an infinitude of possible
representations to look for, we may sensibly still use the
SMEFT as an organizing principle. Reference [53] con-
structed a dictionary of single-field extensions of the SM by
nontrivial, nonchiral representations which contribute to
the SMEFT at dimension six or less. This requirement
restricts to fields whose gauge charges allow them to have
some nonminimal coupling to SM fields—past that dictated

solely by gauge invariance. As a result of this, the field is
generally destabilized and picks up decays to SM particles
(barring some further symmetry). This is the interesting
class of such representations which we expect to see in SM
final states at a collider, so is the appropriate place to focus
our attention. Of course there are far more phenomeno-
logical possibilities when more than one new field is added,
and there are many ways to get more exotic signatures at a
collide—from missing energy to long-lived invisible
decays or disappearing tracks. Heuristically, our consid-
erations should hold in extensions where there is some
separation of scales between the lightest new state with SM
charges and the mass of further new states, where the
couplings are generic, and where the new states do not have
large branching ratios to SM-neutral fields.

This dictionary of possible single-field extensions so
serves as a concrete, well-motivated “to do” list by which
we can measure our progress on exploring the general
potential extensions to the Standard Model. So how is it
going thus far? While the Large Hadron Collider has
allowed us to constrain new fields charged under the strong
force often to many TeV, the energy frontier for new
electroweak states which are color singlets is far less
explored by comparison. As it stands, many fields which
interact with the electroweak gauge bosons have lower
mass limits below 1 TeV—sometimes by a factor of a few.

In the coming decades we may be able to make direct
progress in this direction with a relatively cheap and
relatively compact muon collider, which has seen increased
interest of late (e.g., [54-63]). At high energies such a
machine effectively becomes an electroweak gauge boson
collider, as the SM vectors dominate the muon PDF, and so
produce particles with electroweak charges copiously.
Thankfully, there are experimental collaborations actively
working to develop the technology needed (e.g., [64—67]).
This is not merely construction of a streetlight to look
under; there are fantastic possibilities that exploration of the
uncolored electroweak energy frontier can reveal. While the
hierarchy problem has these past decades motivated focus-
ing on our reach for discovering new colored particles, the
LHC increasingly rebuffs the traditional models spurring
such hopes. But important questions such as baryogenesis
and neutrino masses could be resolved by electroweak-
charged but color-singlet physics that may be accessible at
the electroweak energy frontier. In recent years there has
also been much work on models addressing the hierarchy
problem without new colored particles, including those
which still have other SM charges (e.g., [68-71]). For a
recent pedagogical introduction to the hierarchy problem
which discusses the tension of classic solutions with LHC
data and the novel directions this has spurred, see Ref. [72].

In the meantime, we must leave no stone unturned in
squeezing the best constraints we can out of the LHC,
which means optimizing the limited bandwidth of triggers
and analyses, which in turn means understanding the best
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possible searches for each new particle whose presence we
wish to explore. It is with that philosophy in the front of our
minds that we explore the usage of Higgs resonances as a
powerful probe of new fields with electroweak charges. As
a result of the Goldstone equivalence theorem, heavy such
fields which decay appreciably to electroweak vectors
necessarily have appreciable branching ratios to Higgses.
So events where those new fields are produced at the LHC
include decays to all of the on-shell electroweak bosons.
But this theorem does not dictate that the electroweak
bosons themselves have similar branching ratios, as decay
is clearly not a high energy process in the rest frame. Thus,
while the electroweak gauge bosons often decay to light
quarks, leading to jets that may blend in with the messy
QCD background, or to neutrinos visible solely as missing
energy, decays of the Higgs boson are thankfully more
often distinctive at the LHC. Indeed, the Higgs has already
been “discovered” in many decay channels, which is as
much a testament to the genius of experimentalists as it is to
the inapplicability of the Goldstone equivalence theorem.

This leads us to expect that searching for the decays
of new electroweak states to Higgses may offer better
reach than searches solely for the decays to vectors. To
explore and evince this, we consider the production of
(Sec. II) and constraints on (Sec. III) new vectorlike
fermions with Yukawa couplings to the SM Higgs and
leptons. We choose an electroweak singlet, doublet, and
triplet to examine—the other possible representations come
from replacing the Higgs in the Yukawa interaction with the
Higgs conjugate of opposite hypercharge and shifting the
hypercharge of the new field by 1. We reinterpret the CMS
13 TeV multilepton search [73] to find the current best
energy-frontier constraints on these fields.

We find that at the lower mass bound placed on each
species by the CMS multilepton search, the same integrated
luminosity would have produced from hundreds to many
thousands of events containing decays to Higgses, as the
eager reader may find in Figs. 7-12. This is far greater than
the number of signal events needed for conclusive discov-
ery of the Higgs itself,' though of course one never detects
all the events, and we do not attempt to simulate a new
search ourselves. But this still evinces enormous comple-
mentarity with low-energy SMEFT constraints, which
strongly depend on the Yukawa couplings of the new
fields and their mixing with SM leptons. In contrast, the on-
shell production of these new states will take place
primarily through their gauge couplings via a Drell-Yan-
like process, and our above invocation of the Goldstone
equivalence theorem guarantees that their on-shell decays
produce copious Higgses almost regardless of the size of

'For comparison, the ATLAS discovery in the H — ZZ* — 4¢
channel came from an expected ~5 signal events, and in the H —
yy from an expected ~190 signal events, with the CMS analyses
likewise performing impressively well-targeted searches [1,2].

the Yukawa coupling. At small values the decays become
displaced and just require a new search strategy, but
at some point the decay length exceeds our detectors,
so with the LHC we may hope to probe down to

64nhc ., 1(-9
m 107°.

roughly A ~ -

Our exploration here thus points to the benefits of search
strategies focused on BSM production of Higgses. We
leave it to the expert experimentalists to design and
optimize particular searches for such exotic Higgs produc-
tion. As we approach run 3 and gear up for the high-
luminosity LHC (HL-LHC) [74] and a few more decades of
fantastic and productive collider physics at the LHC, we
hope this work will allow searches offering greater insight
into electroweak physics above the electroweak scale, and
of course into the physics of the Higgs boson.

II. VECTORLIKE LEPTONS AT THE LHC

In this section we study extensions of the SM with an
additional vectorlike fermion in the representations
(1,1,-1), (1,2,—%), or (1, 3, 0) of SU(3), x SU(2), x
U(1)y. In each case, these gauge charges allow a Yukawa
coupling to the Higgs and either the left-handed or right-
handed Weyl electron, and we consider coupling it solely to
the first generation. The gauge charges also allow Drell-
Yan-like on-shell pair production of the new states at the
LHC, which will be the most important production process.
We note for completeness that a variety of other collider
search strategies for vectorlike leptons have been inves-
tigated in the literature involving e.g., lepton colliders or
nonstandard signatures (for examples, see [75-81]).

A. The singlet

We first consider a vectorlike electroweak singlet
denoted by E [53] that transforms as (1, 1,—1), using E
for the conjugate Weyl field. Such a field appears in many
well-motivated extensions to the SM, for example as a
Kaluza-Klein excitation of the right-handed electron from a
5d orbifold (e.g., [82,83]).

Before electroweak symmetry breaking, the allowed
Yukawa interaction takes the form

CYuk = AEEQBTL + H.C., (1)

and after electroweak symmetry breaking (EWSB) we
replace ¢ — (0, (h + v)/v/2) to work in unitary gauge.
In addition, since E, E are vectorlike we may write the mass
term M gy, now in four-component notation for com-
pactness, where y is the corresponding Dirac field. The
covariant derivatives give the field’s gauge interactions:

LGuge = g1¢wEHAE" — gy5,Ec*Z,E" + He., (2)

with similar terms for E. The Yukawa interaction leads to
mass mixing of E, E with the SM electron after EWSB. The
mass matrix is given by
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e E
Mg = <m;5 %) e (3)
0 M,/ E

where we have labeled the rows and columns to make clear
this is a Weyl mass matrix, and m}, = y,v/+/2 must be
taken to have the value such that the light mass eigenstate
has the observed electron mass m,.

While in our numerical study we keep the full depend-
ence on Az, we quote analytical expressions to lowest order
in Apv/MY, for conceptual clarity and because Azv/ My <
1 in the allowed parameter space, as we will see in Sec. I11.
The “bare electron mass” parameter m) relates to the
physical electron mass m, = 0.511 MeV/c? by

20?
m,zm%(l—E), (4)
‘ 4M?
and the larger mass eigenvalue My is given by
2207
ME—MQE(H L ) (5)
aM7}

where we see the lighter eigenvalue has been shifted down
and the heavier one has been shifted up. As for the mass
eigenstates, we must find two unitary matrices L and R,
which rotate the left-handed and right-handed leptons
respectively, which diagonalize M? [84,85]. We first find
R by demanding RTMTEM R = M2, where M, is diago-
nal, and then we can find the left-handed mixing using
L = (ML)"'R*Mp. Each mixing is here defined by a
single angle, and at first order in Azv/M’, we have

Agv Agv  m,
9 ==, 9 = — 6
ETvamy, T VaM M (6)

where the right-handed mixing requires an extra mass
insertion as the Yukawa interaction couples solely to the
left-handed electron. For compactness, we will denote
cos(0;) = c¢;,sin(fg) = si, etc. We can then change
variables to the mass eigenstates, which by abuse of
notation we also refer to as e and E for the lighter and
heavier eigenstate, letting the presence of trig functions of
the mixing angles make clear we have rotated to the mass
basis. At leading order this leads to mixed terms from the
gauge interactions:

9 = 92 .
LGauge D —EchLeIG”Z”E—ﬁsLW;y‘O'”E—Q—H.C. (7)

The effects of the right-handed components ¢, E mixing is
negligible, since 0y < 6;, so we have left off their additive
effects in the above expression.

Branching ratios of E

1.0
— E- Wv
—— E-oZe
0.8 —  E-He
o
S 0.61
[*)]
f=
£
g 0.4-
g o.
[aa]
0.2

0.0 T T T T T T T
200 300 400 500 600 700 800 900 1000

Mg (GeV)

FIG. 1. Branching ratios of the SU(2) singlet E as a function of
the mass parameter M7,

Together, these lead to the following expressions for the
partial decay widths of the mass eigenstate E:

2 2M/3 M2 2 M2
r<Eaze>—chL—E(1 ) (”2 ) )

T 327 2\ M? M7
/IZM/CZCZ MZ 2
I(E = he) =ZE"E°L"R (| _"H 9
(£ = he) 647 M7 ©)
s2 M/3 MZ 2 MZ
INE->Wy)=-L—"E[1-—X% 1+2=—2%). (10
(B = W) 16711)2( wz) \1 22 )- 10

The branching ratios are plotted in Fig. 1, which can be
seen to evince the Goldstone equivalence theorem for large

M';. Note that in the regime where jfl—,” < 1 all the decay
E

widths have the same dependence on Ag, so the branching
ratios will be independent of its value.

In this region of parameter space, the Drell-Yan-like
double production through the gauge coupling is signifi-
cantly larger than single production rates, so we restrict our
attention to that mode. We note that this means our cross
section for on-shell production followed by decay into at
least one Higgs is independent of the Yukawa coupling. To
calculate cross sections at the LHC, we implement the
model in FeynRules [86] as input to MadGraph 5 [87] for
Monte Carlo simulation. We plot the production cross
section as a function of M, in Fig. 2 and note that we are in
agreement with [88].

In Sec. III we will study the constraints on this model
from run 2 of the LHC and compare the prospects for BSM
Higgs production, but for now we will proceed to discuss
the next representation.

B. The doublet
Next on the list, we consider a vectorlike SU(2) doublet
A, transforming as (1,2,—1), with its partner A; [53].
After EWSB we will find we have one neutral field and one
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o(pp = EE) at 14 TeV
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1014

Cross Section (fb)
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FIG. 2. Production cross section of EE at the 14 TeV LHC.

charged field, so we denote the corresponding left-handed

Weyl fields:
N
A= , 11
=3 (1)

and similarly for A;. Since we have a vectorlike pair, a mass
term is allowed in the Lagrangian.

Such doublets are required in certain grand unification
schemes (e.g., Eq [89,90]) or may appear simply as the
supersymmetric partners of the two Higgs doublets in the
MSSM, with A, ~H,, A, ~H,.

Before electroweak symmetry breaking, the allowed
Yukawa interaction can be written as

‘CYuk = —/1A151¢E + H.c. (12)

Unlike the previous case the coupling is now to the right-
handed electron. This interaction leads to mixing solely for
the charged component E.

The gauge interaction terms are now

% _ (%5} 1 2 o
LGauge = ﬁ WjNTa”E + C—WZ# <—2 + sw> E'¢"E
+ 2.7 NG'N + e E'5E, (13)
2c,,
where there are additional similar terms for the right-
handed fields E, N. The mass matrix in this case is given by

my 0
MAz(iv ). (14)
o,

As before, the parameter m’E must be chosen to ensure
the lighter eigenvalue of M3 corresponds to the physical
electron mass m,. We repeat the same procedure as above
and find the eigenvalues similarly:

2202 23 02
me:mj.z-(l— ), MAl:M’Al<1+4]V'[§1>. (15)

As for the mass eigenstates, this time the mixing angles
to first order in 1,, are

AAI’U

)VA v m,
HR — ; y
V2My,

1

HL - - N
VM, M

(16)

with now the left-handed mixing being suppressed by a
mass insertion. Using the previous convention for com-
pactifying the mixing angle expressions, we expand the
gauge interaction terms in terms of mass eigenstates to first
order, and we find the mixed gauge interaction terms in the
mass basis:

'CGauge D —ﬂsRCRET(_T’uZME
2c,,

— 92 WiNo'e" + He., (17)

V2

with the photon vertex canceling out.
We can now calculate decay widths for the mass
eigenstates £, N, which we find to be

2.2 M3 M2\ 2 M2
[(E — Ze) = KR4, (1 Z) (1+2 Z) (18)

21 0\ M7 M?,
/IZAM’A c2ck M2\ 2
I'(E = he) =221 19

2 M3 M3\2 M
Sg A W W
F<N_)W€)ZE?<1_M’§> <1+2M’§)' 20
1 1

We plot the branching ratios of the charged component as a
function of M}, in Fig. 3.

Branching ratios of A;

1.0
— A > Ze
—— A} » He
0.8
.2
2 0.6
=)
= E——
£ =
g __—
& 0.4
]
0.2

0.0 T T T T T T T
200 300 400 500 600 700 800 900 1000

My, (GeV)

FIG. 3. Branching ratios of the charged component of the
SU(2) doublet A, as a function of the mass parameter M, .
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o(pp = A1A;) at 14 TeV
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FIG. 4. Production cross section of the components of A;A; at
the 14 TeV LHC.

We simulate the pp — A,A, cross section in the same
manner as above, and find the production cross sections in
Fig. 4, which are again in agreement with [88]. We note that
N decays solely to We so its production does not lead to
anomalous Higgs events.

We turn now to the final representation we study.

C. The triplet

Finally, we consider a vectorlike SU(2) triplet fermion
with zero hypercharge, which we will denote by X [53].
Such a field is familiar from, for example, type Il seesaw
models [91], where neutrino mass originates through
mixing with 2.

We will find it convenient to regard the adjoint repre-
sentation as the traceless bifundamental, so we represent X

as a 2 x 2 matrix according to X ; = X%%;, which we
break into components as
N/V2 E*
5- ( V2 ) (1)
E- -N/V2

The charged components may pair up to form a Dirac
spinor, y = (E~, (ET)")T, while we can write a Majorana
spinor for the neutral component yy = (N, (N)")T.
The Yukawa interaction now looks like
Lya = —As¢"ZL +H.c. (22)
After EWSB this includes Yukawa interactions with both
the left-handed electron and neutrino

ﬂthl/e ﬂzhE-i_e

2 V2

Expanding the covariant derivative, we find the gauge
interaction terms:

LYuk = — + H.c. (23)

LGauge = gZCwE+0ﬂZ/4 (E+)T + g2CW(E_>T6-ﬂZﬂE_
+ eETot A (ET)" + e(E™) 6" A E”
— pN*W, (EN)' — oNTo*WSE™ + He. (24)
This Yukawa interaction induces mixing of both the
charged and neutral components of £ with SM leptons, so

we now have two nontrivial mass matrices.
The charged mass matrix is given by

I Azv
= (5 )

(25)
0 M,

and the Majorana mass matrix for the neutral states is

/ Asv
my,
MO - ew , .
227
2 My

(26)

As we do not wish to specialize to type III seesaw
models, we have included also a bare mass for the electron
neutrino, m,, so that we can study general mixing with X
while keeping the neutrino mass fixed, which we set
to 50 meV.

As before, the lighter mass eigenstates, consisting
primarily of the SM leptons, have their masses shifted
down from the Lagrangian parameters,

2202
m, = m) (l— = ) (27)
P\ amz
220?
m, = mix - = s (28)
4M5

and the heavier mass eigenvalues are likewise shifted up,

= M, i (29)

My =M <1 + ) 29
U AMm2
220?

My = M, (1 + 2—) (30)
U AME

where we note that this tree-level degeneracy will be broken
by radiative corrections.

To diagonalize the charged mass matrix, we can repeat
our procedure for the previous two cases and find

0 Asv 0. — Asv  m,
L \/EM/Z’ R \/EM,ZM/E’

(31)

and for the neutral mass matrix we only have a single
mixing:
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Branching ratios of

1.0
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— I Ze
0.8 1 — I He
2
& 0.61
o
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£
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[a]
0.2
0.0 . , : : : . :
200 300 400 500 600 700 800 900 1000
M'; (GeV)
FIG. 5. Branching ratios of the charged component of the

SU(2) triplet X as a function of the mass parameter M5.

j.z’[]

Oy = .
N oMy

(32)

Shifting now to the mass basis with the same conven-
tions as above, we find mixed gauge interactions:

L D - L N'Wia#
Gauge 92| CNSL \/ECRSN " oe

— gasnegr(ET)'Whoty + 2“(]—2 sneyN'Z, 0ty
CW

~ P cr(EN)Z ot (33)

"
2¢c,,

From this we can simply compute the partial decay
widths, which for the neutral component N are

2 2Ml3 M2 2 M2
I(N - zv) = NNTx <1 Z) <1+2 Z) (34)

32z 2\ M2 M?
/12M/ C4 M2 2
(N - ) =22 N (1 -4 35
W= ) == g < M2 (33)
(2cns, — \/ECRSN)z
(N — We) =
(N = We) 327

Mg M3\ ? M5,

X7<1_M’22 1+2M§ . (36)

For the charged components E*, the decay widths are

2 2M/3 M2 2 M2
T(E — Ze) = “L°L 2(1— Z) <1+2_Z> (37)

327 02 M’E2 M’E2
AZM/ C2 c2 M2 2
T(E > he) = 2MxCic% (1 - —H> (38)
64r M?

o(pp - 25) at 14 TeV

10° — olEE)
—— 0o(NE)
a
€ 1024
[ =4
s
2
v
(1]
wn
8 101
]
100_

200 300 400 500 600 700 800 900 1000
M (GeV)

FIG. 6. Production cross section of the components of X at the
14 TeV LHC.

S2 C2 M/3 M2 2 M2
F(EeWy):%v—f(l—Mg> <1+2 W). (39)

We plot these branching ratios in Fig. 5 and the double
production cross section in Fig. 6, finding agreement with
[92]. With the stage now set, we turn to considering the
constraints on these fields.

ITII. CONSTRAINTS AND DISCOVERY
POTENTIAL

As mentioned above, low-energy constraints on SMEFT
operators can be straightforwardly used to constrain the
presence of new BSM states. For many single field
extensions the constraints have been systematically studied
and Ref. [52] gives bounds in the (4;, M) parameter space
for our three representations which we reproduce in Table I.

At the energy frontier, the best constraints on these
models come from multilepton searches. Such searches,
which require three or more final state leptons, essentially
look for the decay modes to W or Z and their leptonic
decays. There are thus large penalties from the high
branching ratios to jets or neutrinos. The strongest con-
straint comes from the 13 TeV CMS multilepton search
[73] taking advantage of the full run 2 dataset. The CMS
analysis interprets the search in the context of a type III
seesaw model with flavor-democratic couplings, and we
use this model to validate our reinterpretation procedure.
Details on the procedure and the validation are given in the
Appendix. For completeness we mention the ATLAS run 2
dilepton + jets search [93], which interprets their search

TABLE I. Constraints from the SMEFT analysis [52].

E A, by

AE < 21x1072 A 17x1072 B . 45x1072
M7 S eVt S e Mz S e
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TABLE II. Bounds from the 13 TeV CMS multilepton search.
E Ay pX
M) > 167 GeV M’Al > 844 GeV M > 705 GeV

with the same signal model and finds a bound which is
nearly as strong, but we below reinterpret solely the leading
bound from CMS. For earlier work related to bounds on the
production of general vectorlike leptons at colliders, see
e.g., [94-101] and [92,102-117].

After Monto Carlo simulation from MadGraph 5 we put the
events through PYTHIA [118] for decays and showering and
then DELPHES [119] for detector simulation. Then we pass
the resulting .lhco files through our reinterpretation of the
CMS analysis using MadAnalysis [120] and translate our
results into bounds on the mass parameter. We derive the
95% confidence lower bounds for each field that are shown
in Table II. We also repeat the analysis for vectorlike
leptons coupled solely to muons or taus, and in accordance
with expectations find that the limits are the same in the
muon case (within a couple tens of GeV), while for taus
other searches place far stronger limits [121] from their
sensitivity to the hadronic decays.

As discussed in Sec. I, our newfound adeptness at
identifying Higgs decays makes the Higgs itself a promising
tagging object. To explore this, we study the pair production
of our heavy leptons which include at least one decay to
Higgs + X. While we do not attempt to mock up a realistic
search, we will show that there is ample parameter space
which the multilepton searches are unable to probe, yet
which lead to a large rate of exotic Higgs production events.
In Figs. 7-9 we plot the number of anomalous Higgs events
each model would have produced in run 2 of the LHC as a
function of the vectorlike mass of the new lepton.

As can be seen for the singlet from Fig. 7, there are an
abundance of exotic Higgs production events beyond

H+X Events from EE Production

103 4

1024

Number of Higgs Events

101 4

200 400 600 800 1000
M (GeV)

FIG. 7. Number of anomalous Higgs events from production of
the SU(2) singlet at run 2 of the LHC. The red line denotes the
lower mass bound placed by our reinterpretation of the CMS
multilepton search.
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FIG. 8. The same as Fig. 7 for the doublet.
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FIG. 9. The same as Fig. 7 for the triplet.

where the run 2 leptonic searches impose a bound.
Figure 10 illustrates for the same model how BSM
Higgs production compares to bounds from SMEFT and
the CMS multilepton search.

Singlet Parameter Space

0.0F

-0.5¢

logio(Ae)
I
o

-2.0¢: . .
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04 -02 00 02 04
log,o(M};/1 TeV)

FIG. 10. Bounds on the singlet parameter space from the
SMEFT analysis [52] (blue) and the CMS multilepton search
[73] (orange). The dashed lines show the masses at which the
labeled number of anomalous Higgs events would have been
produced in run 2.
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Doublet Parameter Space
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FIG. 11. The same as Fig. 10 for the doublet.

We note again that in calculating the numbers of Higgs
produced we use the branching ratios at Av/My < 1,
which are independent of the value of A. This is satisfied
everywhere in the parameter space which is not already
ruled out by SMEFT constraints. Resultingly we do not
worry about the precise shape of the constraint from
multilepton searches in the Av/M’; ~ 1 regime, which
would solely modify the upper left corner of Fig. 10.

The analogous results for the doublet and triplet may be
found in Figs. 8, 11 and 9, 12, respectively. As evinced by
these plots, there is a significant number of anomalous
Higgs events produced outside of the region in parameter
space ruled out by SMEFT bounds and current LHC
searches. The benefit of a search for anomalous Higgs
decays is most clear in the case of the singlet, but if a search
can be designed with few background events, it should be
able to probe untouched parameter space in all three
models. The presence of resonances in two- and three-
body invariant mass spectra should help make such a
possibility practicable.

Triplet Parameter Space

0.0f

-0.5¢+

| N=100

logyo(As)
1
o
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-15}

-2.0[! : . \ s L . .
-10 -08 -06 -04 -02 0.0 0.2 0.4
logyo(My;/1 TeV)

FIG. 12. The same as Fig. 10 for the triplet.

IV. CONCLUSION

The LHC is likely to be our clearest window into the
energy frontier of the electroweak sector for at least the next
couple of decades. Obviously, we must wring every bit of
constraining power out of the data we collect at the
experiments. While the data can be fully analyzed at our
leisure over the years when future machines are being built,
the data collection itself confers urgency due to our finite
capacity for processing and storing events. Over the next
years, the LHC will deliver what is likely the last 14 TeV
proton-proton collisions that humanity has access to for
hundreds of years, if not far longer. Each event in every
inverse femtobarn of integrated luminosity which is not
written to tape is an event which is lost forever to time, so
we had better be damn sure we are keeping the right ones.
Note particularly that a 100 TeV collider this century will
not necessarily be able to make up this lost opportunity—
data at different center-of-mass energies are complemen-
tary, and indeed data from the Tevatron has still been useful
in the LHC era. So understanding the optimal signatures
and triggers and searches to use to look for new physics is
absolutely critical, as well as pressing.

While the wide range of possible models of the
Universe makes systematically searching for new physics
a cumbersome task, we have focused on a well-motivated
restricted catalog of new fields to look for at a collider.
We have argued that searches for signatures from the
decays of on-shell new physics into Higgses can have
greater reach than those currently performed toward
the goal of probing new particles with SM charges.
This can be motivated by quite general arguments for
new massive color singlets with electroweak charges, for
which the numbers of decays to Higgses and gauge bosons
are similar.

Our main results are presented in Figs. 10—12, and evince
some of the opportunities available for such searches. Our
reinterpretation of the CMS multilepton search shows that
the best current constraints on vectorlike leptons still allow
an enormous number of exotic Higgs production events to
be taking place unnoticed. Depending on the electroweak
representation of the new lepton anywhere from 10% to
more than 10° anomalous Higgs events could have been
produced during run 2, which indicates that implementing a
search for these Higgs + X final states may be able to
improve the existing bounds on these models. Explicitly
constructing such a search strategy we leave to the
experimentalists.

Of course there remains much more to be explored. We
have not gone through each possibility in the catalog of
interesting single-field extensions, particularly in restricting
our attention to fermions in vectorlike representations
which couple to first-generation leptons. Furthermore,
our strategy of focusing on single-field extensions is
convenient in providing a simple, manageable catalog,
but the extension of the SM chosen by nature may well
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have multiple new particles within reach of the energy
frontier. One could imagine a wider array of phenomenol-
ogies when there is not a large gap between the lightest new
state and the second lightest. Mapping out the possibilities
with two new states may be useful for pointing out in which
regions of parameter space there are other signatures, not
appearing in single-field extensions, which become the best
way to constrain them. This may be a collider search for
different final states, or displaced decays appearing when
the states are nearly degenerate, or signals appearing in
tabletop experiments or cosmological observations or
elsewhere.

The other clear direction of generalization is to study
the production of and potential searches for species
whose decays include other final states along with
Higgses. While our focus has been on the electroweak
energy frontier, analogous benefits may come from
looking for decays of new colored fields to Higgses
and jets, as has already been usefully done for e.g.,
vectorlike quarks [122,123]. Furthermore, three-body
decays through effective five-dimensional operators
including Higgses can be phenomenologically relevant
in a variety of theories, from weak scale supersymmetry
(e.g., [124,125]) to theories with exotic representations
(e.g., [126,127]), and motivate looking for new particles
decaying to, for example, H + gg or H + £Z. It is more
than worth understanding all the channels in which
searches for final states with Higgs resonances may
improve our coverage.

Despite our hopes and expectations, new physics
has proven hard to find at the LHC. We hit paydirt with
the discovery of the Higgs, but our intellectual curiosity is
far from sated and drives us to continue digging. Looking
throughout the parameter space of expected signals
remains useful, and the fantastic constraints already
placed on many, many models are a testament to exper-
imental efforts. We have here suggested a new search
strategy for electroweak states which makes fundamental
use of our most recent, exciting discovery. How elegant it
would be for Higgs resonances to once more lead us to the
next great treasure of particle physics.
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FIG. 13. The electron identification efficiency we use for the
DELPHES card.

APPENDIX: CMS MULTILEPTON SEARCH
REINTERPRETATION

The most stringent constraints on these models from the
LHC come from searches for multilepton final states. We
reinterpeted the 13 TeV CMS search [73] with 137 fb~! of
data using the expert mode of MadAnalysis 5 [120] to
implement cuts and event selection. We simulated events
in MadGraph 5, passed them to PYTHIA for decays and
showering, and then to DELPHES for detector simulation.
The cuts and event selection of the type-III seesaw signal
regions were implemented faithfully, except that the impact
parameter requirements were ignored. We found that it was
crucial to use the same PDF as the CMS analysis, namely
NNPDF3.0 (LHAPDF ID: 261000) as described in [128].
Another important ingredient was the lepton reconstruction
efficiency, for which we could not find exact specifications.
We based our electron and muon efficiencies mainly on
[129,130] respectively, and implemented them as shown in
Figs. 13 and 14.
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FIG. 14. The muon identification efficiency we use for the
DELPHES card.
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FIG. 15. Comparison of the 3L below-Z signal region between
the simulation performed in the CMS analysis [73] for the My =
700 GeV point and our simulation of the same model imple-
mented in our analysis pipeline. The black intervals denote our 1o
statistical uncertainty bands.
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FIG. 16. The same as Fig. 15 for the 3L on-Z signal region.
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FIG. 17. The same as Fig. 15 for the 3L above-Z signal region.

To validate our reinterpretation, we simulated 100 k
pp — ZZ events in the type-III flavor democratic seesaw
model for which the CMS analysis [73] presents simulation
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FIG. 18. The same as Fig. 15 for the 3L. OSSFO signal region.
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FIG. 19. The same as Fig. 15 for the 4L. OSSFO signal region.
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FIG. 20. The same as Fig. 15 for the 4L. OSSF1 signal region.

results. In Figs. 15-21 we compare the results of our
simulation and reinterpretation to those of CMS for the
parameter point My = 700 GeV.

After validating our simulation and reinterpretation
pipeline, we derive upper limits at 95% confidence level
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CMS 13 TeV 4L OSSF2, 137 fb~!
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FIG. 21. The same as Fig. 15 for the 4L. OSSF2 signal region.

on the number of signal events in any signal region
assuming Poisson distributions for the signal and back-
ground, and ignoring the uncertainty in the backgrounds.
We use data found in the HEPData repository entry for this
search.” Lacking the full covariance matrix for the many
signal regions, we instead conservatively say that a model
point is ruled out at 95% confidence if it predicts more

*https://www.hepdata.net/record/ins 1764474,

events than the 95% upper limit in any individual bin. As
expected, the bins with the highest values of the kinematic
discriminants tend to give the most stringent upper limits.
The 95% confidence limits placed from this reinterpretation
can be found in Table II.

There are seven exclusive signal regions of relevance for
our reinterpretation of the CMS search. The events are first
distinguished based on whether they contain three leptons
(“3L”) or at least four leptons (“4L”). The events with three
leptons are further divided into four distinct signal regions:
those that have an opposite sign same flavor (OSSF) lepton
pair with invariant mass below the “Z mass window” M, +
15 GeV (“Below-Z"), those that have an OSSF pair within
the Z mass window (“On-Z”), that have an OSSF pair
above the Z mass window (“Above-Z"), and those with no
OSSEF pair at all (“OSSF0”). The events with four or more
leptons are similarly divided into regions that have O, 1, and
2 OSSF pairs. The signal regions are then binned based on a
kinematic discriminant variable Ly + p#, which is the
scalar sum of the p; of all charged final state leptons plus
the missing energy. However for the 3. On-Z region, an
alternate kinematic discriminant is found to increase

sensitivity, so My = \/Zpr{}i“p’T(l — COS(Adpmiss 1)) 15

used, where pl. is the transverse momentum of the lepton
which is not part of the OSSF pair.
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