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This Past Year has been Amazing

• Particle discovered with mass near 125 GeV

• Decays observed/evidence:  γγ,ZZ,WW,ττ,bb(?)

• Production (gg fusion) consistent with top loop

• σxBR ratios “broadly” consistent with SM Higgs

SM-like Higgs (to within tens of %)



Let’s use it as a tool to probe 
physics beyond the SM.

•  Higgs in decays of BSM particles

•  diHiggs production enhancement

•  Higgses from annihilation “BSMonia”

Biased selection of topics...
(many more I don’t have time to cover)



Sources of Higgs in BSM Decays

h



Example 1:  Supersymmetry - Higgsino NLSP

G̃

h

Matchev, Thomas (1999)
Meade, Reece, Shih (2009)
Kribs, A Martin, Roy, Spannowsky (2009,2010)
Ruderman, Shih (2011)
Thaler, Thomas (2011)

Ambrosanio, Kane, Kribs, S Martin, Mrenna (1996)

H̃

Figure 1: Branching ratios of the lightest neutralino Br(χ̃0
1 → G̃ + γ, h, Z)

as a function of the neutralino mixing angle tan−1(µ/M1), for a fixed mass
Mχ̃0

1
= 160 GeV and mh = 105 GeV for (a) tan β = 3 and (b) tan β = 40.

and M2, have the same sign, sgn(M1M2) = + then χ̃0
1 is the NLSP. For sgn(M1M2) = − it

is however possible in certain regions of parameter space that χ̃±
1 is the NLSP. In this letter

only a χ̃0
1 NLSP, which leads to the interesting di-boson signatures, will be considered.

The branching ratios Br(χ̃0
1 → G̃ + (γ, h, Z)) are determined by the Higgsino and gaugino

content of χ̃0
1 [3, 5]. This is illustrated in Fig. 1 as a function of the neutralino mixing angle

tan−1(µ/M1) for fixed χ̃0
1 mass, where µ is the Higgsino mass parameter, and tan β = vu/vd

is the ratio of Higgs expectation values. For definiteness the Higgs decoupling limit in which

decays to the heavy scalar and pseudoscalar Higgs bosons, H and A, are kinematically blocked

is employed throughout. For gaugino-like χ̃0
1 the γ mode dominates, but for Higgsino-like χ̃0

1

the h and Z modes become important. The dependence on sgn(µ) and tan β apparent in Fig. 1

can be understood in terms of the χ̃0
1 quantum numbers and couplings and will be presented

elsewhere.
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hard 6ET and HT . This is also not optimized for the Z-rich higgsino scenario. Such hard 6ET

and HT cuts will have a drastic e↵ect on our signal acceptance, especially in the electroweak

production branch. We believe a more optimized approach is to instead adopt a tight Z-mass

window as in table 6.

6 Other Higgsino Types

Above, we focused on higgsinos that dominantly decay to Z bosons. In this section, we

briefly discuss several more general possibilities, which highlight additional discovery chan-

nels. Recall from above that the higgsino dominantly decays to Z’s at low tan � and positive

µ. For larger values of tan �, the higgsino decays to a roughly even mixture of Z’s and h’s.

For this mixed Z/h scenario, a promising discovery mode is to search for a leptonic Z plus

(up to) two b-jets from the higgs, plus missing energy. On the left of figure 10, we show the

� ⇥ Br for this final state (all cross-sections are NLO in this section), again for a simplified

spectrum with a gluino and a higgsino, now taking tan � = 20, µ < 0. For the higgs sector

we again take mh = 120 and decouple the other MSSM higgses.
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Figure 10: � ⇥ Br into the Z(`+`�) + h(bb̄) (left) and h(bb̄) + h(bb̄) (right) final states, for

the mixed Z/h and h-rich higgsino benchmarks, described in the text. These are promising

final states to discover higgsino NLSPs that decay to higgses.
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Ruderman, Shih (2011)

W̃±, W̃ 0
B̃

g̃ g̃ g̃

H̃±, H̃0
1,2

Bino Wino co-NLSP Higgsino

Figure 3: The three minimal parameter spaces for general neutralino NLSPs that we study

in this paper. We consider a gluino that is heavier than a bino, winos, or higgsinos, with the

other superpartners decoupled.

these branching ratios are flipped for a neutral wino NLSP, which decays mostly to Z. A

higgsino NLSP dominantly decays to Z or h, with branching ratio that depends on the value

of tan � and the sign of µ. Following [11], we will specialize to three cases: (1) the higgsino

decays are Z rich at low tan � and positive µ, (2) h-rich at low tan � and negative µ, and (3)

roughly evenly mixed between Z and h at moderate to large tan �. (The above discussion

applies to the entire GGM parameter space, but it is important to keep in mind that more

complicated frameworks, such as the presence of multiple supersymmetry breaking sectors,

can lead to di↵erent NLSP branching fractions [41].)

We note that when the NLSP is mostly wino, there is generically a very small splitting

between the charged and neutral wino [42]. When this happens, the three-body decay to

the neutral wino becomes squeezed out, and the charged wino prefers to decay directly to

W± and a gravitino [11]. In other words, the neutral and charged winos become co-NLSPs,

and the final states contain W ’s, along with Z’s and �’s. On the other hand, the splitting

between the charged and neutral higgsinos is generically larger, such that only the lightest

neutralino decays directly to the gravitino.

Our simplified spectra are shown in figure 3. Basically, we consider varying the gluino

mass M3 and the NLSP mass (M1, M2 or µ depending on whether the NLSP is bino, wino

or higgsino, respectively). All other states are decoupled (their masses are set to 1.5 TeV),

since they do not play an important role in the signatures of interest. The MSSM higgs

sector is taken to be in the decoupling limit, with the SM higgs mass set to mh = 120 GeV.

We always fix the NLSP decay length to be prompt, c⌧NLSP = 0.1 mm. For the higgsino
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gluino -> Higgsino -> gravitino

Another interesting possibility is where the higgsino dominantly decays to higgses. This

occurs at low tan � and negative µ. A promising final state is double higgs production,

h ! bb̄+h ! bb̄ plus missing energy, where up to four b-tags can be requested. To the right

of figure 10, we show the � ⇥ Br for this final state, setting tan � = 2, µ < 0, and again

taking the decoupling regime for the higgs.

One exciting scenario is that the LHC will discover an excess in one of the above final

states, by relying on b-tags to suppress backgrounds. Then, with more data, it may be

possible to reconstruct the higgs with b-jet masses. Therefore, if the NLSP is a mixed Z/h

or higgs-rich higgsino, the discovery of supersymmetry may also include an early discovery of

the higgs boson! We also comment that if the higgs is heavy enough, mh & 150 GeV, there

can be an appreciable branching ratio to h ! WW ⇤, and the b0s in the above topologies can

be replaced with multilepton final states.

So far in this paper, we have focused on pure gauge eigenstate NLSPs, for simplicity.

But there are additional final state channels that can turn on when the NLSP is a mixture.
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Figure 11: The h ! bb+� final state can be used to discover an NLSP that is a higgsino/bino

admixture. The left plot shows the branching ratio into this final state as a function of M1 and

µ, and we see that the branching ratio is only large when these parameters are comparable,

M1 ' µ. The right plot shows � ⇥Br for our higgsino/bino admixture benchmark, described

in the text. In this benchmark, we fix M1 = �1.1 ⇥ µ with negative µ, which is shown as a

dashed black line on the left plot.
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Example 2:  Bino,Wino -> Higgsino + h

h

Kribs, A Martin, Roy, Spannowsky (2009,2010)
Gori, Schwaller, Wagner (2011)

H̃

Production can be significantly enhanced if squarks produced,
decay to Bino,Wino, which then decays to Higgsino + h.

B̃, W̃+,0,�

lead to equal branching ratios into the di↵erent compo-
nents of the doublet. A Higgs scalar, therefore, is just as
common as a W or Z in this type of cascade decay.

In practice, the gaugino interaction eigenstates mix
with the Higgsino interaction eigenstates through the
same interactions, Eq. (7), that led to large decay rates
of gauginos into physical Higgs bosons. In the mass
basis, the decays in Eqs. (1),(2) roughly translate into
heavier neutralinos �0

3,4 and charginos �±
2 decaying into

their lighter counterparts �0
1,2, �±

1 and Higgs bosons.
The relevant branching ratios are thus �0

4,3 ! h/H/A+�
�0
1 or �0

2

�
and �±

2 ! h/H/A + �±
1 . The other possible

decay �2 ! h + �1 is mostly kinematically forbidden in
the region of our interest.

Another type of cascade decay occurs when the Higgsi-
nos are heavier than the winos and/or bino. This opens
up the decay channels H̃ ! h/H/A+ B̃/W̃ . This might
well provide an interesting source of Higgs bosons given a
cascade from third generation squarks to H̃. Our prelimi-
nary work on this cascade suggests it takes more luminos-
ity than 10 fb�1 (which is the main focus of this paper),
and requires adjustments to the cut-based search strat-
egy to optimize for a signal of third generation squarks.

There are yet other superpartner cascade decays that
could also lead to Higgs bosons, such as stop decay
t̃2 ! t̃1 + h/A/H [18, 19]. To the extent that this pro-
cess occurs for the specific points in the MSSM parame-
ter space we present below, it is included in our inclusive
analysis. In practice, however, the production cross sec-
tion of just the heavier stop t̃2 is small relative to the
large number of other squarks (and gluino), while the
branching ratio t̃2 ! t̃1h is also accidentally small when
mQ̃3

= mt̃R
which we take for our Study Points. This

implies negligible numbers of lightest Higgs bosons arise
from t̃2 decay.

Finally, there is an interesting possibility of cascade
decays into the charged Higgs H±. If mH± > mt +mb,
the hadronic decay mode H+ ! tb̄ often has a large
fraction, and thus could be an interesting candidate for
jet substructure techniques, utilizing top tagging [16, 21–
30] or other novel methods.

III. CASCADING TO BOOSTED HIGGS
BOSONS

The largest rate for Higgs boson production arises
when first or second generation squarks cascade decay
through gauginos, which then decay into lighter Higgsi-
nos and Higgs bosons. Generally, first and second gener-
ation squarks decay as

q̃L ! q + W̃ (8)

q̃R ! q + B̃ (9)

so long as the wino and bino satisfy the simple kinemat-
ical requirement that they are lighter than the squarks.
The left-handed squarks can also decay to the bino, but

FIG. 1. The branching ratios of heavier gaugino-like neu-
tralinos and charginos into lighter Higgsino-like ones plus the
lightest Higgs boson is shown for the following parameters:
We take 100 GeV < M

1

= M
2

/2 < 400 GeV for all Fig-
ures, |µ| = 150 GeV in plots I and III and |µ| = 200 GeV in
plots II. Plots I and II have heavier sleptons, m

˜l > 800 GeV,
so that two-body decays are kinematically forbidden. In plot
III, we take m

˜l = 500 GeV, which allows the wino to decay
to left-handed sleptons once M

2

> 500 GeV. This is why the
branching ratios of �0

4

, �±
2

decrease above M
1

/|µ| > 1.7.

this rarely happens when the wino mode is kinemati-
cally open, since the ratio of bino to wino couplings
for the left-handed squark doublet is proportional to
Y 2
Q(g

0/g)2 ' 0.01. Thus, to very good accuracy, first and
second generation left-handed squarks decay through the
wino, right-handed squarks decay through the bino.
Given a Higgsino plus Higgs boson lighter than the

wino and/or bino, the two-body decays into Higgs bosons
discussed in Sec. II become applicable. Since the lighter
quarks (u, d, c, s) have Yukawa couplings far subdomi-
nant to the gauge coupling strengths g, g0, the cascade
in which squarks decay directly into the Higgsinos es-
sentially never occurs. This implies the large QCD-
dominated production cross sections of squarks can lead
to substantial numbers of Higgs bosons from the cascade
decays with only modest mass hierarchy requirements.
Moreover, in addition to squark pair production, squark-
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(a) (q̃L � h+X) (b) (q̃R � h+X)

(c) (t̃1 � h+X) (d) (t̃2 � h+X)

Figure 3: Probability for a Higgs boson in squark decay chains, for MA = 1000 GeV. From lightest
to darkest blue, the probabilities are 5%, 10%, 15%, 20%, 25%, 30%. The gray hatched area is
excluded by LEP. Superimposed are the regions of correct relic density for tan� = 10 (black) and
tan� = 50 (green). The constraints from dark matter direct detection are not shown. The yellow
star indicates the benchmark point (I) discussed in Sec. 4.
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Squark -> q + h
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Figure 8: Branching ratios for � ! h0+ ⇣ in the ✏–� plane for tan� = 5 (left, same as Fig. 3) and
tan� = 20 (right), respectively. The remaining branching ratio is dominated by � ! Z + ⇣. The
main di↵erences between the two plots arise because at larger tan�, the kinematically excluded
region m� < m0

h (which bounds the left plot) is not encountered until larger ✏. In this and the
remaining plots, we have fixed M1 = 155 GeV and mh0 = 120 GeV, which are mainly relevant for
setting the phase space factors in the partial widths.

previously mentioned in Eqs. (2.17) and (2.18). Using the partial widths calculated in

Eq. (4.10) and Eq. (4.13), the branching ratio for the bino LOSP decay to h0 or Z, assuming

both are kinematically allowed, may be expressed in the relatively compact form:

Br(� ! h0⇣) =

⇣
✏�1�✏�1

0
!

⌘2

1 +
⇣
✏�1�✏�1

0
!

⌘2 , Br(� ! Z⇣) =
1

1 +
⇣
✏�1�✏�1

0
!

⌘2 . (6.2)

In particular, the branching ratio to Z bosons is a Lorentzian in ✏�1 and is thus negligible

for small ✏, as expected. The Lorentzian is centered at ✏�1
0 with a width !,

✏�1
0 =

1� tan � tan2 �

2 tan2 �(tan � � 1)
, (6.3)

! =
1 + tan � tan2 �

2 tan2 �(tan � � 1)

 
m2

� �M2
Z

m2
� �m2

h 0

s

1 + 2
M2

Z

m2
�

!
, (6.4)

where the precise values of ✏�1
0 and ! depend on the higgs soft mass ratio tan �, tan�, and

various kinematic factors. Of course, additional three-body decays, whether to fermions or

to multiple higgs or Z bosons, will spoil the simplicity of these expressions.

Plots of the branching ratio to higgs in the ✏–� plane are shown in Fig. 8, and slices

through that plane are shown in Figs. 9 and 10. In the latter plots, the solid lines are

the all-orders tree-level calculations from App. C, while the dashed lines are the analytic
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R respects the R-symmetry; the other O5 operators are associated
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where � stands for either Hu or Hd,  is an SM fermion, and we have indicated in paren-

theses the corresponding LOSP decay mode. The values of the Wilson coe�cients C6 are

omitted here for clarity; they are given explicitly in Eq. (4.5). Despite the fact that we

have integrated out a higgsino/sfermion, these operators are not suppressed by the hig-

gsino/sfermion mass as there is a cancellation between the propagator of the virtual heavy

particle and its coupling to the goldstino. We will explain this fact in more detail in Sec. 4;

it is su�cient to note for now that the O6
� are suppressed by a power of µ relative to O5
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The relative importance of O5
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Z. One might naively expect O5
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have
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µ
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compared to the dimension 5 decays, which may not even be a suppression at large tan�.

In Fig. 3, we showed the LOSP branching ratios as a function of both ✏ and the most

important other free parameter in the theory
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Example 4:  Top Partners:  t’ -> t h

Perelstein, Peskin, Pierce (2002)

Kribs, A Martin, Roy (2010)
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FIG. 1. Branching fraction of T to t + h, mh = 120 GeV
(solid), b + W (dotted) and t + Z (dashed) as a function of
mT . An ⌘ value of 0.5 has been chosen, though the branching
ratios are essentially independent of ⌘.

400 1000 1500 200010-4

0.001

0.01

0.1

1

10

100

MT HGeVL

s
x
B
R
HTÆ

h
LHp
b
L

FIG. 2. Comparison of the production cross sections �(pp !
T T̄ ) (solid) and �(pp ! T+j, T̄+j) (dotted) with at least one
T ! th at a 14 TeV LHC. The ⌘ parameter, which enters into
single production, has been set to 1/2. Smaller ⌘ decreases
the cross section slightly.

depends on the b-quark pdf of proton, proportional to
the electroweak coupling, and additionally suppressed
because of W exchange in the T�channel. As long as
mT . 1.1 TeV, single production is always subdominant
with respect to the QCD pair production of T [20, 37].
The dominance of the pair production below 1.1 TeV is
demonstrated in Fig. 2.

Single production, while subdominant, does neverthe-
less create a cleaner final state compared to pair produc-
tion, for example pp ! T+q. Cleaner states are certainly
easier to reconstruct, however one T resonance in the
event obviously provides fewer handles for distinguishing
signal and background compared to T pair production.
We find the cleaner final state does not compensate su�-
ciently for the lack of handles, so single production is al-
ways inferior to pair production, at least for the purpose
of Higgs discovery. Therefore, in this work we concen-
trate on the following set of topologies: pair production
of T followed by the decay of one T to t+h and the other

FIG. 3. A sample Feynman diagram for T T̄ pair production
followed by decays to a Higgs boson and a W or Z.

T to b+W or t+ Z.

B. Search Strategy

In order to come up with a successful search strategy,
we first need to understand the standard model back-
grounds as well as new physics backgrounds that we must
overcome. Every interesting signal event contains multi-
ple resonances, meaning Higgs bosons, W , Z, or tops.
More specifically, in addition to the Higgs boson, there
is always at least one top quark, one gauge boson and
one b quark. Signal W bosons and b quarks can either
come directly from the decay of the top-partner, or they
can come from the decay of the top. The dominant SM
backgrounds are t̄t+jets, t̄t+ b̄b and W/Z+jets – all pro-
cesses with large cross section containing gauge bosons
and multiple hard jets. We will restrict our search to fi-
nal states which contain at least one lepton to avoid an
overwhelming QCD multi-jet background. The specifics
of the backgrounds, including cross sections and genera-
tor details, will be given in Sec. IV.
The success of our search for a boosted Higgs boson

relies crucially on combinations of conventional handles
(such as existence of isolated leptons and large HT i.e.

scalar sum of visible energies in an event) and slightly
unconventional tools (boosted object taggers). Each of
these handles is described in more detail in the following
subsection.

• isolated lepton: In our simulation leptons
are considered as isolated they have pT >
15 GeV, |⌘| < 2.5 and if the energy deposited by
hadrons within a cone of size R = 0.4 surrounding
the lepton is less than 20% of the energy deposited
by the lepton. Our simple implementation tags lep-
tons with a 90% e�ciency.

• HT: HT is defined as the scalar sum of all visible
energy in the detector with |⌘| < 4.0. We calculate
it by summing up the energies of all particles except
neutrinos. Also note that after the hadrons are
granularized into calorimeter cells, we disregard all

3
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BR(ũL, d̃L ! h + X) ⇠ 23%
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FIG. 1. Branching fraction of T to t + h, mh = 120 GeV
(solid), b + W (dotted) and t + Z (dashed) as a function of
mT . An � value of 0.5 has been chosen, though the branching
ratios are essentially independent of �.
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FIG. 2. Comparison of the production cross sections ⇥(pp �
T T̄ ) (solid) and ⇥(pp � T+j, T̄+j) (dotted) with at least one
T � th at a 14 TeV LHC. The � parameter, which enters into
single production, has been set to 1/2. Smaller � decreases
the cross section slightly.

depends on the b-quark pdf of proton, proportional to
the electroweak coupling, and additionally suppressed
because of W exchange in the T�channel. As long as
mT � 1.1 TeV, single production is always subdominant
with respect to the QCD pair production of T [20, 37].
The dominance of the pair production below 1.1 TeV is
demonstrated in Fig. 2.

Single production, while subdominant, does neverthe-
less create a cleaner final state compared to pair produc-
tion, for example pp ⇤ T+q. Cleaner states are certainly
easier to reconstruct, however one T resonance in the
event obviously provides fewer handles for distinguishing
signal and background compared to T pair production.
We find the cleaner final state does not compensate su⇥-
ciently for the lack of handles, so single production is al-
ways inferior to pair production, at least for the purpose
of Higgs discovery. Therefore, in this work we concen-
trate on the following set of topologies: pair production
of T followed by the decay of one T to t+h and the other

FIG. 3. A sample Feynman diagram for T T̄ pair production
followed by decays to a Higgs boson and a W or Z.

T to b+W or t+ Z.

B. Search Strategy

In order to come up with a successful search strategy,
we first need to understand the standard model back-
grounds as well as new physics backgrounds that we must
overcome. Every interesting signal event contains multi-
ple resonances, meaning Higgs bosons, W , Z, or tops.
More specifically, in addition to the Higgs boson, there
is always at least one top quark, one gauge boson and
one b quark. Signal W bosons and b quarks can either
come directly from the decay of the top-partner, or they
can come from the decay of the top. The dominant SM
backgrounds are t̄t+jets, t̄t+ b̄b and W/Z+jets – all pro-
cesses with large cross section containing gauge bosons
and multiple hard jets. We will restrict our search to fi-
nal states which contain at least one lepton to avoid an
overwhelming QCD multi-jet background. The specifics
of the backgrounds, including cross sections and genera-
tor details, will be given in Sec. IV.
The success of our search for a boosted Higgs boson

relies crucially on combinations of conventional handles
(such as existence of isolated leptons and large HT i.e.
scalar sum of visible energies in an event) and slightly
unconventional tools (boosted object taggers). Each of
these handles is described in more detail in the following
subsection.

• isolated lepton: In our simulation leptons
are considered as isolated they have pT >
15 GeV, |�| < 2.5 and if the energy deposited by
hadrons within a cone of size R = 0.4 surrounding
the lepton is less than 20% of the energy deposited
by the lepton. Our simple implementation tags lep-
tons with a 90% e⇥ciency.

• HT: HT is defined as the scalar sum of all visible
energy in the detector with |�| < 4.0. We calculate
it by summing up the energies of all particles except
neutrinos. Also note that after the hadrons are
granularized into calorimeter cells, we disregard all
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FIG. 7. Resonance jet mass distribution. We assume an integrated luminosity of 10 fb�1 at a 14 TeV center of mass LHC.
The search strategy is described in Sec. III B and in Fig. 6. An additional cut on HT > 1, 1.3 TeV is imposed for top-partner
masses of 800, 1000 GeV.

ories. In particular, we map our parameter space onto
two specific examples of these models: the simplest lit-
tle Higgs model [13] and the top quark seesaw theory of
electroweak symmetry breaking [78].

A. The Simplest Little Higgs

In the simplest little Higgs model, the Higgs boson
is naturally light because it is a Nambu-Goldstone bo-
son of a spontaneously broken symmetry (SU(3)W ⇥
U(1)X)/(SU(2)W ⇥U(1)Y ). Nonzero vevs of two scalars
(say, �1 and �2) in the triplet representation of SU(3)W
break the full symmetry down to SU(2)W ⇥U(1)Y at the
scale f > v. Interactions of SM Higgs doublet can easily
be calculated in the following parametrization of the �i

fields:

�1 = exp

(
i

 
H†

H

!) 

f

!
(9)

�2 = exp

(
�i

 
H†

H

!) 

f

!
(10)

The quadratic divergences associated with the top
Yukawa is cancelled by extending the SU(3) symmetry
to the Yukawa couplings. First, the quark doublets are
enlarged into SU(3) triplets:  ⌘ (Q3, T ), transforming
under the SU(3)W gauge symmetry. Second, two color-
triplet, SU(3)W -singlets T c

1 and T c
2 are introduced. The

U(1)X charges of T c
1 and T c

2 are chosen to be equal and
identical to the U(1)X charge of tc.

LYukawa = �1�
†
1 T

c
1 + �2�

†
2 T

c
2 . (11)

Expanding �1 and �2 around their vevs (as in Eq. (9))
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Figure 5: Observed (solid line) and expected (dashed line) 95% CL upper limits on the t0 t̄0 cross section
times branching fraction for a weak-isospin (a) doublet and (b) singlet t0 quark as a function of the t0
quark mass. The surrounding shaded bands correspond to the ±1 and ±2 standard deviations around the
expected limit. The thin red line and band show the theoretical prediction and its ±1 standard deviation
uncertainty.
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ATLAS (2013)

Data are analysed in the lepton
+jets final state, characterised by 
an isolated electron or muon with 
moderately high transverse 
momentum, significant missing 
transverse momentum, and at least 
six jets. The search exploits the 
high total transverse momenta of 
all final state objects and the high 
multiplicity of b jets characteristic of 
signal events with at least one 
Higgs boson decaying into bb ̄, to 
discriminate against the dominant 
background from top quark pair 
production.

ATLAS Search for t’



Exploit  h -> γγ
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FIG. 5: The simplified model we consider to capture a wide range of possibilities for third generation squarks

producing Higgses in cascade decays. Only pair production of the bottom squark b is considered.

C. A Simplified Model

From the above discussion, we can see that the signatures of a third generation squark decaying

to the 2b+2h final state can in many cases be well described by the simplified model (illustrated in

fig. 5) of a sbottom decaying with 100% branching fraction to a b quark and neutral NLSP which

decays with 100% branching fraction to the Higgs and LSP, giving the final state 2h+ 2b+MET.

Some of the above scenarios give additional final state particles that carry very little energy due to

small mass splittings. These will generally not appear as hard objects in collider events and will

only slightly a↵ect the kinematics of the hard b’s and Higgses. Therefore the simplified model is

an appropriate description of the collider signatures in these models as well.

The pair production cross sections are essentially the same for all sbottoms and stops (up to

small electroweak e↵ects), so this model is a good description for either a light stop or sbottom. The

model is described by two parameters, the sbottom/stop mass and the NLSP mass. For simplicity,

we fix the LSP mass at 1 GeV and consider a 125 GeV lightest Higgs boson in the decoupling limit,

where its couplings are equal to those of the SM Higgs.

We also note that several other types of models can give enhanced Higgs production with similar

final states, i.e. Higgses + (b-quarks) + (low MET). For example, in models with additional vector-

like generations, decays of the vector-like quarks to a Higgs and a top or bottom also produce this

final state. In particular, decays of a new bottom-like quark to bh give the same event kinematics

as this simplified model with NLSP mass equal to the Higgs mass, though with di↵erent production

Howe, Saraswat (2012)

Howe, Saraswat (2012):
Simplified model involving
sbottom production and decay.

Assumed
  
and 

BR(b̃ ! b�̃0
2) = 100%

BR(�̃0
2 ! �̃0

1h) = 100% 1 GeV

NLSP
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FIG. 6: The 95% excluded regions for the simplified model of sec. II C from (a) the existing searches in

⇠ 5 fb�1 discussed in sec. III and IVA, and (b) the expected 95% exclusions in 20 fb�1 at 8 TeV for the

same searches, extrapolated as described in the text. The diagonal hatching indicates the region constrained

by the CMS8 3b + MET (↵T ) search [104], horizontal for the CMS7 multilepton search [107], vertical for

the CMS8 same-sign dilepton + 2b search [106], and solid for the CMS8 �� +MET search [111]. The black

solid (dashed) contours are the expected 95% exclusions in 5 fb�1 and 20 fb�1 from a proposed search in

�� in association with at least two (one) b-tagged jets, described in sec. IVD.

50,000 events at each point for the diphoton channels and 250,000 events for the non-diphoton

channels to obtain adequate statistics for low rate searches. We obtain the cross sections for

production of third-generation squarks from [99] and for neutralino/chargino direct production

from Prospino 2.1 [100]; in both cases we use the central value of the prediction and do not

account for the theoretical uncertainty (giving more conservative bounds). We take SM Higgs

boson cross sections and branching ratios from [101]. When available we use the 95% CLs visible

cross section limits presented in the searches we study; when these are not available we compute

the 95% CLs limit from the observed event rate and backgrounds as described in [102]. Where not

otherwise noted, we estimate the expected limits in 20 fb�1 by linearly extrapolating the expected

background rate and systematic uncertainty from the current results.

Where possible, we have validated our results against quoted limits and generally find agreement

within ⇠ 25%. Nonetheless there is the possibility of significant systematic errors since the detector

•  CMS8 3b + MET

•  CMS7 multilepton

•  Projected γγ+1b
                   γγ+2b

•  CMS8 SS + 2b

•  CMS8 γγ+ MET
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III. CONTRIBUTIONS TO DI-HIGGS
PRODUCTION

We now carry out the calculation of di-Higgs produc-
tion at a hadron collider. Light quarks play no role in
the leading-order di-Higgs production cross section, so we
are left with the gluon-induced partonic process gg ! hh.
We calculate the amplitudes for di-Higgs production in
two independent methonds. First we calculate the am-
plitudes using the e↵ective interactions derived in Sec. II.
This allows us to obtain simple, analytic formulae that
provide several qualitative features of the full calculation.
Next, we carry out a full momentum-dependent one-loop
calculation of gg ! hh including top quarks and an ar-
bitrary set of colored scalars.

The amplitude for gg ! hh can be decomposed into
two non-interfering Lorentz structures following Ref. [1],

M(gagb ! hh)µ⌫ = P Pµ⌫�ab +QQµ⌫�ab , (10)

where

Pµ⌫ = ⌘µ⌫ � p
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p2T p
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· p
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+
2 k

1µ k
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p2T
. (12)

In these formula, p
1

and p
2

are the incoming momenta
of the gluons, k

1

is the outgoing momenta of one of the
Higgs bosons, and pT is the transverse momenta of the
Higgs: p2T = (û t̂ � m4

H)/ŝ. The Qµ⌫ is the only possible
alternative Lorentz structure once the Ward identities
and orthogonality to Pµ⌫ have been imposed.

A. Di-Higgs Amplitude from E↵ective Couplings

The e↵ective couplings given by Eqs. (7), (8), and
(9) lead only to contributions to the Pµ⌫ structure.
The Feynman diagrams include both the 4-point ef-
fective interaction h2 Ga

µ⌫Ga,µ⌫ as well as the diagram
with s-channel Higgs exchange involving the 3-point ef-
fective interaction h Ga

µ⌫Ga,µ⌫ and the triple-Higgs self-
interaction, shown in Fig. 1. We obtain

Pe↵

top

=
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h

� iv2

M2

i
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, (14)

where we have neglected the width of Higgs in the s-
channel propagators. The top quark contributions to the
amplitude interfere destructively. This, combined with
the necessity to sample parton distribution functions at
larger x (to obtain larger ŝ), is the central reason that
the di-Higgs production cross section at a hadron collider
is so small in the Standard Model.
The amplitudes derived from the e↵ective interactions

allow us to make several interesting qualitative observa-
tions about the scalar contributions:

• For i > 0 with Mi >⇠
p|i|v, the top contribution

and the scalar contributions destructively interfere,
weakening the e↵ects of colored scalars on di-Higgs
production.

• For i < 0 with Mi >⇠
p|i|v, the top contribution

and the scalar contributions constructively inter-
fere, strengthening the e↵ects of colored scalars on
di-Higgs production.

• When Mi <⇠
p|i|v, the third contribution in

Eq. (14) begins to a↵ect the scalar amplitude for di-
Higgs production. However, momentum-dependent
corrections proportional to ŝ/M2

i are at least as im-
portant, since ŝ � 4m2

h. In this region, the 1/Mi

expansion is no longer valid, and we need the full
momentum-dependent loop functions to make ac-
curate quantitative calculations.

The two main results we find from the di-Higgs ampli-
tudes calculated with the e↵ective operators are that: i.)
we expect a considerably larger cross section when i <
0, and Mi >⇠

p|i|v; ii.) we expect a strong correlation
between single Higgs production and di-Higgs production
once Mi is large enough for the e↵ective operators to re-
produce the full momentum-dependent one-loop results.

B. Di-Higgs Amplitude at One-Loop

We now turn to the full one-loop leading-order cal-
culation of di-Higgs production including the top quark
and the scalars. The Standard Model contribution to
gg ! hh comes from top quark triangle diagrams stitched
to a triple-Higgs vertex via a Higgs boson propagator, as
well as box diagrams with two top Yukawa coupling in-
sertions. The full momentum-dependent expressions for
P,Q for the top contributions can be found in Ref. [1].
The scalar octet loops can be similarly classified into

triangles and boxes (or by powers of the Higgs-portal cou-
pling ). The complete set of (leading order) diagrams
are shown below in Fig. 2. The scalar triangle diagram

3

h

h
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III. CONTRIBUTIONS TO DI-HIGGS
PRODUCTION

We now carry out the calculation of di-Higgs produc-
tion at a hadron collider. Light quarks play no role in
the leading-order di-Higgs production cross section, so we
are left with the gluon-induced partonic process gg ! hh.
We calculate the amplitudes for di-Higgs production in
two independent methonds. First we calculate the am-
plitudes using the e↵ective interactions derived in Sec. II.
This allows us to obtain simple, analytic formulae that
provide several qualitative features of the full calculation.
Next, we carry out a full momentum-dependent one-loop
calculation of gg ! hh including top quarks and an ar-
bitrary set of colored scalars.

The amplitude for gg ! hh can be decomposed into
two non-interfering Lorentz structures following Ref. [1],
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and p
2

are the incoming momenta
of the gluons, k

1

is the outgoing momenta of one of the
Higgs bosons, and pT is the transverse momenta of the
Higgs: p2T = (û t̂ � m4

H)/ŝ. The Qµ⌫ is the only possible
alternative Lorentz structure once the Ward identities
and orthogonality to Pµ⌫ have been imposed.

A. Di-Higgs Amplitude from E↵ective Couplings

The e↵ective couplings given by Eqs. (7), (8), and
(9) lead only to contributions to the Pµ⌫ structure.
The Feynman diagrams include both the 4-point ef-
fective interaction h2 Ga

µ⌫Ga,µ⌫ as well as the diagram
with s-channel Higgs exchange involving the 3-point ef-
fective interaction h Ga

µ⌫Ga,µ⌫ and the triple-Higgs self-
interaction, shown in Fig. 1. We obtain
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where we have neglected the width of Higgs in the s-
channel propagators. The top quark contributions to the
amplitude interfere destructively. This, combined with
the necessity to sample parton distribution functions at
larger x (to obtain larger ŝ), is the central reason that
the di-Higgs production cross section at a hadron collider
is so small in the Standard Model.
The amplitudes derived from the e↵ective interactions

allow us to make several interesting qualitative observa-
tions about the scalar contributions:

• For i > 0 with Mi >⇠
p|i|v, the top contribution

and the scalar contributions destructively interfere,
weakening the e↵ects of colored scalars on di-Higgs
production.

• For i < 0 with Mi >⇠
p|i|v, the top contribution

and the scalar contributions constructively inter-
fere, strengthening the e↵ects of colored scalars on
di-Higgs production.

• When Mi <⇠
p|i|v, the third contribution in

Eq. (14) begins to a↵ect the scalar amplitude for di-
Higgs production. However, momentum-dependent
corrections proportional to ŝ/M2

i are at least as im-
portant, since ŝ � 4m2

h. In this region, the 1/Mi

expansion is no longer valid, and we need the full
momentum-dependent loop functions to make ac-
curate quantitative calculations.

The two main results we find from the di-Higgs ampli-
tudes calculated with the e↵ective operators are that: i.)
we expect a considerably larger cross section when i <
0, and Mi >⇠

p|i|v; ii.) we expect a strong correlation
between single Higgs production and di-Higgs production
once Mi is large enough for the e↵ective operators to re-
produce the full momentum-dependent one-loop results.

B. Di-Higgs Amplitude at One-Loop

We now turn to the full one-loop leading-order cal-
culation of di-Higgs production including the top quark
and the scalars. The Standard Model contribution to
gg ! hh comes from top quark triangle diagrams stitched
to a triple-Higgs vertex via a Higgs boson propagator, as
well as box diagrams with two top Yukawa coupling in-
sertions. The full momentum-dependent expressions for
P,Q for the top contributions can be found in Ref. [1].
The scalar octet loops can be similarly classified into

triangles and boxes (or by powers of the Higgs-portal cou-
pling ). The complete set of (leading order) diagrams
are shown below in Fig. 2. The scalar triangle diagram

3

SM accidentially small; large enhancements possible through 
effective operators that can have simple UV completions.

Dolan, Englert, Spannowsky (2012)
Dawson, Furlan, Lewis (2012)

Giudice, Grojean, Pomarol, Rattazzi (2007)

Craig, Evans, Gray, Kilic, Dolan, Park, Somalwar, Thomas (2012)
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FIG. 3. Di-Higgs as well as single Higgs production cross sections normalized to the Standard Model values. The solid lines
show �(pp ! hh)

scalar+top

/�(pp ! hh)
top

, while the colored regions show when �(pp ! h)
scalar+top

/�(pp ! h)
top

is less than
the numerical value labeling each region. Panels (b) and (c) are “zoomed in” versions of panel (a), to more clearly see the
contours in the light MS < 200 GeV region.

itatively distinct throughout the pT,h range. For the ef-
fective operator calculation, the high-pT tail is governed
by kinematics alone, where as there is an extra suppres-
sion from the form factors once we incorporate momen-
tum dependence. An accurate pT spectra is vital for
phenomenology; the Higgs pT will be transferred to its

decay remnants, and the details of the remnant kinemat-
ics are a necessary ingredient for successfully separating
signal from SM background, regardless of the identity of
the final state particles.
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FIG. 2. Scalar loop contributions to gg ! hh. The three diagrams on left are O(↵s), while the four diagrams on the right
are O(↵s

2), where  is the Higgs-portal coupling.

contributions only have Pµ⌫ gauge structure:
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The first term in the parenthesis comes from attaching
the 4-point vertex in the  interaction to the scalar loop,

while the second term comes from connecting a Higgs
propagator and 3-point vertex to the triple-Higgs self-
interaction.
The box diagrams involving scalars (as well as top

quarks) contribute to both (Pµ⌫ , Qµ⌫) Lorentz struc-
tures. We evaluate the scalar contribution to P and Q
(as well as P

tri

in Eq. (15)) in terms of the Passarino-
Veltman one-loop functions given in Appendix A. We
obtain:
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ŝ (û + t̂)C

0

(p
1

, p
2
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Adding the scalar loop P,Q to the top loop contribu-
tions gives us the totalM(gg ! hh)µ⌫ amplitude. Squar-
ing and adding phase space, color- and spin-averaging
factors, we arrive at the di↵erential partonic cross sec-
tion,
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�|P
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Note that the overall factor of 1/2 for creating a pair of
identical particles is canceled by Pµ⌫Pµ⌫ = Qµ⌫Qµ⌫ = 2.

IV. BENCHMARK COLOR OCTET MODEL

We now specialize our results to our benchmark model:
a single real, color-octet, electroweak neutral scalar
Sa [12, 47–49],

LS =
1

2
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2
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Here we have included one Higgs-portal interaction, with
coupling , as well as additional renormalizable self-
interactions among the Sa: a quartic interaction with
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the 4-point vertex in the  interaction to the scalar loop,

while the second term comes from connecting a Higgs
propagator and 3-point vertex to the triple-Higgs self-
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The box diagrams involving scalars (as well as top
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i ŝ � m4

h

2ŝ
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ŝ (û + t̂)C

0

(p
1

, p
2
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Adding the scalar loop P,Q to the top loop contribu-
tions gives us the totalM(gg ! hh)µ⌫ amplitude. Squar-
ing and adding phase space, color- and spin-averaging
factors, we arrive at the di↵erential partonic cross sec-
tion,
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Note that the overall factor of 1/2 for creating a pair of
identical particles is canceled by Pµ⌫Pµ⌫ = Qµ⌫Qµ⌫ = 2.

IV. BENCHMARK COLOR OCTET MODEL

We now specialize our results to our benchmark model:
a single real, color-octet, electroweak neutral scalar
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Here we have included one Higgs-portal interaction, with
coupling , as well as additional renormalizable self-
interactions among the Sa: a quartic interaction with
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FIG. 7. The di↵erence in the pT,h spectrum of the Higgs
bosons from di-Higgs production between using the full one-
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operators (dashed line). In this figure we have taken MS =
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final state rates in fb
8 TeV 14 TeV

�� + b̄b 0.019X 0.084X
mh = 125 GeV ⌧+⌧� + b̄b 0.53X 2.4X

⌧+⌧�⌧+⌧� 0.029X 0.13X
W+W�W+W� 1.21X 5.73X

mh = 200 GeV ZZZZ 0.14X 0.68X
W+W�ZZ 0.42X 1.97X

TABLE I. The di-Higgs signal production rates into the dif-
ferent modes when mh = 125 GeV and mh = 200 GeV. All
rates, which include a K factor of 2.0, must be multiplied
by the enhancement factor X which can be read o↵ from
the di-Higgs contours in Fig. 3 (mh = 125 GeV) and Fig. 4
(mh = 200 GeV).

enhancement X and we have taken the K-factor to be 2.0
throughout. We find that varying the parton distribution
set changes the cross-section by O(20%).

Now, in the alternative case mh = 200 GeV, the single
Higgs production cross section is constrained to be less
than the present LHC bounds. This basically requires
us to choose (, MS) within the red or blue region of
Fig. 4. By taking mh = 200 GeV, both diboson decay
modes are open, i.e., mh > 2mW , 2mZ , and the di-Higgs
production phenomenology becomes fairly insensitive to
the exact value of the Higgs mass. In Table I we show
the rates for the various combinations of dibosons. The
hh ! W+W�W+W� is the largest, and provides several
opportunities involving same-sign dileptons or trileptons

plus missing energy. Here again, jet substructure tech-
niques could provide valuable additional sensitivity given
the large pT of the Higgs bosons in di-Higgs production.

VII. DISCUSSION

We have demonstrated that di-Higgs production at the
LHC could be many orders of magnitude larger than the
Standard Model in a the presence of light colored scalars.
The large enhancements are possible if mh = 125 GeV,
consistent with the recent data from LHC, as well as if
mh > 125 GeV, should the 125 GeV particle turn out
to be a Higgs imposter. The latter region is natural
in a model with light colored scalars, since this model
was already demonstrated to e↵ectively hide the Higgs
below the LHC limits [12]. The largest e↵ects occur
when the Higgs-portal coupling  is negative and col-
ored scalars that are lighter than the electroweak break-
ing scale. Our detailed numerical results were performed
in a model with a single, real, color octet scalar. Di-
rect production of the colored scalar and decay to pairs
of gluons is presently constrained by LHC data only for
MS <⇠ 125 GeV. Hence, a wide range of (, MS) space
remains viable that can lead to the huge di-Higgs en-
hancement rates that we find.
Our calculation of the production rates were performed

for a general set of colored scalars at leading order, and
thus up to the overall multiplicity, are independent of
the electroweak quantum numbers. The detailed branch-
ing fractions of the Higgs will, of course, depend on the
electroweak quantum numbers. Generally this leads to
O(1) e↵ects on the branching fractions, whereas the di-
Higgs production rate enhancements we found can be
orders of magnitude larger. It would be interesting to
perform a more detailed investigation of the correla-
tion between single Higgs production and decay, with
other representations of colored scalars, versus the di-
Higgs production cross section [11, 13, 59, 60]. In ad-
dition, electroweak charged scalars will alter a wider set
of processes than electroweak singlets: pp ! V V , where
V = �, Z0, W± will all change due to loops of electroweak
charged scalars, in addition to pp ! hh. Restricting to
electroweak neutral colored scalars, we were somewhat
forced to use octets. This is because smaller representa-
tions, for instance the color triplet or sextet, are stable

when the scalars are electroweak singlets.
The signals of di-Higgs production provide several ex-

citing opportunities for the LHC. We have already
seen that di-Higgs production could have already con-
tributed a fraction of the single Higgs production rate,
with the second Higgs missed (or unidentified) in the
events. If mh = 125 GeV, among the more interest-
ing di-Higgs signals includes hh ! ��b̄b, hh ! ⌧+⌧�b̄b,
and hh ! ⌧+⌧�⌧+⌧�. Each of these signals has two
pairs of particles that reconstruct to two Higgs bosons.
If mh > 125 GeV, there are several channels resulting
from hh ! W+W�W+W�, including same-sign leptons
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Example 1: Stoponium

Basic idea:  if 2-body decays

t̃

C̃1

b

t̃

Ñ1

t

are not kinematically possible, 
then remaining 3-body,
4-body, and flavor-violating 
stop decays have widths
smaller than binding energy 
of stoponium.

4

FIG. 1: The binding energies for the 1S, 2S,
and 1P stoponium states as a function of
the stoponium mass, as computed from the

potential model of ref. [29] with Λ(4)

MS
= 300

MeV.
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where L = ln(mt̃1/250GeV). The binding energies of the 1S ground state and the 2S and 1P ex-

cited states are shown in Figure 1. It should be noted that these results are based on a considerable

extrapolation from known experimental results on cc̄ and bb̄ bound states, and other potentials can

give quite different results. (For example, see the ones reviewed in ref. [30].) The partial width

into gluons is of order 2 MeV over the considered range of mηt̃
. The fact that the binding energy

is much larger shows that the stoponium bound state will indeed form, provided that other partial

widths do not overwhelm Γ(ηt̃ → gg) by a factor of 1000, a requirement easily satisfied by models

studied below.

At leading order and in the narrow-width approximation, the production cross-section for ηt̃ in

pp collisions is given in terms of its gluonic decay width by

σ(pp → ηt̃) =
π2

8m3
ηt̃

Γ(ηt̃ → gg)

∫ 1

τ
dx
τ

x
g(x,Q2)g(τ/x,Q2), (2.5)

where g(x,Q2) is the gluon parton distribution function, and τ = m2
ηt̃

/s in terms of the pp collision

energy squared s. In the following, I use the CTEQ5L [31] set for the parton distribution functions,

evaluated at Q = mηt̃
for the signal and Q = Mγγ for the backgrounds.

For comparison, the ratio of the stoponium production cross-section to that of a Standard Model

Higgs boson H with the same mass is just σ(pp → ηt̃)/σ(pp → H) = Γ(ηt̃ → gg)/Γ(H → gg) at

leading order. For mηt̃
= (200, 250, 300, 400, 500, 600, 700, 800) GeV, this is approximately σ(pp →

ηt̃)/σ(pp → H) = (1.44, 0.74, 0.40, 0.098, 0.064, 0.054, 0.050, 0.048). However, BR(ηt̃ → γγ) is much

larger than BR(H → γγ) for masses larger than 140 GeV, because the latter is loop-suppressed

compared to relatively huge widths into ZZ(∗), WW (∗), and tt final states. This explains why the

stoponium signal ηt̃ → γγ can be viable over the mass range where H → γγ observation is not

possible. In contrast, BR(ηt̃ → ZZ)/BR(H → ZZ) turns out to be at most about 0.3 over the

same mass range. This explains why the search for stoponium in pp → ηt̃ → ZZ in the &+&−&′+&′−

and &+&−νν channels is almost certainly not viable [9] for masses where it is the best search option

for H.

Now, multiplying eq. (2.5) by the branching fraction into a diphoton state, and rearranging the

S Martin (2008)
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FIG. 8: Relative contributions from each parton-level process relative to the total NLO pp → ηt̃ + X for
Mη

t̃
= 240 GeV (left) and 450 GeV (right), for

√
s = 14 TeV, as a function of varying Q = QF , as in figure

7. The LO contribution is the order α2
S result, the gg contribution is due to real and virtual corrections to

the leading order diagrams (the remaining part of eq. (2.35), the qg + q̄g contribution is from quark-gluon
and antiquark-gluon scattering eq. (2.43), and the qq̄ contribution is from quark-antiquark annihilation
eq. (2.46).

FIG. 9: Results for NLO order cross sections for pp →
ηt̃+X with Mη

t̃
between 200 and 800 GeV. Here we have

set the factorization and renormalization scales equal to
the stoponium mass, Q = QF = Mη

t̃
.

In Fig. 9, we show the NLO pp → ηt̃ + X cross section as a function of Mηt̃
, with the renor-

malization and factorization scales set equal to the stoponium mass. At this writing, the ultimate

performance of the LHC is the subject of considerable speculation, so we show results for four

different beam energies. Figure 10 shows the corresponding K-factor, defined as the ratio of the

next-to-leading order to the leading-order cross section, again with Q = QF = Mηt̃
. Our results

show that the enhancement in the stoponium production cross section due to the NLO corrections

with this scale choice is between 30% and 50%, depending on the energy of LHC, with larger

enhancements for larger Mηt̃
and for smaller

√
s.
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Figure 1: The NLO+NLL stop pair production cross section at the Tevatron (left) and 7 TeV
LHC (right) as a function of the stop mass. The values of tt cross sections are indicated as
well. For more details, see appendix B.1.

Light stops in theories of gauge-mediated supersymmetry breaking (GMSB) are an espe-
cially interesting and motivated possibility. As is well known, gauge mediation is an appealing
supersymmetric scenario: it automatically solves the flavor problem, and it generates phe-
nomenologically viable soft masses. In such theories, the lightest superpartner (LSP) is always
a nearly-massless gravitino G̃. Assuming R-parity, the next-to-lightest superpartner (NLSP)
decays in a universal fashion to the gravitino plus its Standard Model partner. Recently, a
model-independent framework for general gauge mediation (GGM) was established in [5, 6].
In GGM, essentially any MSSM superpartner can be the NLSP. So it is interesting to consider
the case that the NLSP is the lightest stop t̃. The dominant decay of the stop in such a
scenario is

t̃ → W+bG̃ (1.1)

Intriguingly, despite the fact that this possibility has been known for more than a decade [7,
8, 9], no searches have addressed it explicitly. And this scenario is far from being obviously
excluded.

In this paper, we will focus on the following simple question: how light can the stop NLSP
be without being in conflict with existing data? In particular, can the stop be lighter than the
top? Since the stop is colored, stop-antistop pairs have sizeable production cross sections at
hadron colliders, especially if the stop is light. Still, they can be missed if their decay products
have a large Standard Model background. Indeed, tt production (where t → W+b) has a very
similar signature to t̃t̃∗ production, with a much larger cross section (see figure 1). Meanwhile
the uncertainties on the top cross section, both experimental and theoretical, are of the order
of 10%. As a result, the stop signal may not stand out in tt cross section measurements that
use simple cuts and event counting. On the other hand, more sophisticated measurements of

2

Stoponium ProductionStop Pair Production
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FIG. 8: The branching ratios of scalar stoponium into gg, γγ, W+W−, ZZ, and h0h0 final states, for model
lines motivated by electroweak-scale baryogenesis, as described in the text, with varying mt̃1

. The left panel
depicts a relatively optimistic case with mh0 = 115 GeV, |Xt|/mt̃2

= 0.3 and the right panel a pessimistic
case with mh0 = 120 GeV, |Xt|/mt̃2

= 0.5. The range that can lead to electroweak-scale baryogenesis in
the MSSM includes roughly 235 GeV < mη

t̃
< 270 GeV.

IV. RESULTS FOR MODELS WITH ELECTROWEAK-SCALE BARYOGENESIS

Another motivation for a relatively light top squark is the possibility of achieving electroweak-

scale baryogenesis in the MSSM [26]-[28]. The necessity of a strongly first-order phase transition to

a meta-stable electroweak symmetry-breaking vacuum limits the allowed parameter space, requiring

a mostly right-handed top squark with mass less than mt. (For more details, see [26]-[28].) Here,

I will consider a model framework proposed in [27], with an off-diagonal top-squark squared mass

matrix element mtXt with 0.3 ∼< |Xt|/mt̃2 ∼< 0.5, and mt̃2 very large (here 10 TeV), tan β = 5

to 10, mh0 between 115 and 120 GeV, and all other superpartners except the LSP supposed to

be sufficiently heavy that they do not mediate large contributions to the stoponium decay width.

Then the parameters with the most important impact on the stoponium decay widths are mh0,

mt̃1 , and the top-squark mixing angle. The region of parameter space where electroweak-scale

baryogenesis can work is roughly 120 GeV < mt̃1 < 135 GeV [28], but I will consider a wider range

consistent with a meta-stable vacuum and the Higgs mass constraint from LEP2 [27].

In fig. 8, I show the relevant branching ratios for stoponium decay in a relatively optimistic

case with mh0 = 120 GeV and |Xt|/mt̃2 = 0.3 (left panel), and a pessimistic case with mh0 = 115

GeV and |Xt|/mt̃2 = 0.5 (right panel). In both cases, tan β = 10. Unfortunately, the branching

ratio for the decay ηt̃ → h0h0 is seen to be quite large above threshold [9, 13], due to a small

denominator (coming from the top-squark propagator) in the last term in eq. (A.4). The BR(ηt̃ →
h0h0) decreases as one moves to higher stoponium masses. I have made the optimistic but not

unreasonable assumption that the other neutral Higgs boson H0 is sufficiently heavy that the decay

ηt̃ → bb is not near resonance and can be neglected. I have also optimistically assumed that the

LSP is close enough in mass to t̃1 so that ηt̃ → Ñ1Ñ1 is unimportant due to kinematic suppression.

Stoponium Annihilation

S Martin (2008)



Example 2: Quirkonium Annihilation

This also happens with “quirkonium”, the bound states
of new fermions that transform under a new strongly
coupled sector “infracolor”.

One interesting class of quirky theories have “chiral”
quirk masses...

Fok, Kribs (2011)

Kribs, Roy, Terning, Zurek (2009)

Kang, Luty (2008)



(Chiral) Quirkonium Annihilation
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3P0,MH = 125 GeV
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FIG. 2: Decay width ratios of neutral chiral quirkonia in di↵erent JPC states. Solid lines correspond to a Higgs
mass MH = 125 GeV, while dashed lines correspond to MH = 250 GeV. In many instances, there is no di↵erence
between the width ratios for di↵erent Higgs masses, and thus the solid lines overlap the invisible dashed lines. For
figure (c), we have presented the choices MH = 125 GeV. We illustrate the di↵erence in decay width ratios changing

to MH = 250 GeV in Fig. 3.

6. 3P2

The channels WW , ZZ and HH are doubly enhanced
and will take over the radiative transition at high meson
mass (& 1 TeV).

V. COMPARISON TO VECTOR-LIKE
QUIRKONIA

Annihilation rates for the case of vector-like quirks in
certain other representations has been calculated in [4,
13]. There is not a general rule that relates the decay
rates of vector-like quirks to chiral quirks. But in certain
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FIG. 2: Decay width ratios of neutral chiral quirkonia in di↵erent JPC states. Solid lines correspond to a Higgs
mass MH = 125 GeV, while dashed lines correspond to MH = 250 GeV. In many instances, there is no di↵erence
between the width ratios for di↵erent Higgs masses, and thus the solid lines overlap the invisible dashed lines. For
figure (c), we have presented the choices MH = 125 GeV. We illustrate the di↵erence in decay width ratios changing

to MH = 250 GeV in Fig. 3.

6. 3P2

The channels WW , ZZ and HH are doubly enhanced
and will take over the radiative transition at high meson
mass (& 1 TeV).

V. COMPARISON TO VECTOR-LIKE
QUIRKONIA

Annihilation rates for the case of vector-like quirks in
certain other representations has been calculated in [4,
13]. There is not a general rule that relates the decay
rates of vector-like quirks to chiral quirks. But in certain
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Summary

•  Higgs in supersymmetric decays remains an exciting probe
   of several decay scenarios
    - “boosted” h -> bb
    - h -> γγ + X

•  Single Higgs production well known to be very sensitive 
    to new physics (top loop, γγ loop, b & τ couplings) 
    -> diHiggs production also very sensitive new physics

•  1 or 2 Higgs in annihilation of quirkonium & stoponium
    - signal appears precisely in the traditionally 
       difficult “compressed-wedge” window 


