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 The WIMP Has Not Revealed 
Itself Underground...
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Scattering through the Z boson: ruled out

Next important benchmark:
Scattering through the Higgs

�n ⇠ 10�39 cm2

�n � 10�45�46 cm2



...in Space...
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, 〈σv〉χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on 〈σv〉χχ→γγ . Limits are obtained in a neutralino



...or at Colliders



What Next?
• We have the Higgs, and nothing else
• ((Panic. The end of particle physics is nigh.))

• (Bigger detectors, higher energies.)
• Look in new places
• Optimize existing searches
• Get over naturalness addiction
• Use DM as a motivating principle for 

where to look



Inspecting the Higgs ...

• ... through vacuum 
stability and DM

• Quartic runs to smaller 
values via RGEs.  

• Depending on IR value, 
quartic can become 
negative at high scale.
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of new physics. In short, while new physics at the scale ⇤ is likely inaccessible to the LHC,
indirect e↵ects may be probed in the cosmology frontier via direct detection experiments, or in
the intensity frontier via high luminosity probes. Lastly, note that the new dynamics introduced
is often required to couple to the Higgs—e.g. if its purpose is to prevent vacuum decay—but it
may or may not interact directly with SM fermions. In such cases, experiments probing flavor
conserving CP violation may be more likely venues for indirect signals than those considering
flavor violating phenomena.
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A Two-Loop Renormalization Group Equations

We define the following convenient notation in which the RGEs for a given coupling strength g
are given by

dg

dt
=

b
(1)
g

(4⇡)2
+

b
(2)
g

(4⇡)4
, (18)

where t = log (Q/Q0) and b
(1)
g and b

(2)
g are the one- and two-loop beta functions for g, respectively.

For thoroughness we also recall the well-known RGEs for the SM, defined in the notation of
Eq. (3). Afterwards, we present results for new physics models, which induce contributions of
the form

b(1)g ! b(1)g +�b(1)g (19)

b(2)g ! b(1)g +�b(1)g , (20)

for each coupling g. When the expression �b
(1),(2)
g is not shown, then the corresponding one- or

two-loop quantity receives no corrections from new physics. The RGEs for the fermionic models
were derived independently and presented in [4].
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Can the electrovt eak vacuum be unstable' ?

Peter B.Arnold
High Energy Physics Division, Argonne Rational Laboratory, Argonne, Illinois 60439

{Received 27 March 1989)

The electroweak vacuum need not be absolutely stable. For certain top-quark and Higgs-boson
masses in the minimal standard model, our vacuum is instead metastable with a lifetime exceeding
the present age of the Universe. It has been suggested that a metastable vacuum is generally ruled
out because high-energy cosmic-ray collisions would have long ago induced its decay. I argue that
the reasoning for this conclusion is erroneous. As a consequence, upper bounds on the top-quark
mass derived from stability arguments are relaxed. Also presented is an analytic method for accu-
rately approximating the lifetime of the vacuum from the effective potential without solving for the
O(4) bounce solution numerically.

I. INTRODUCTION

In Weinberg-Salam theory, the weak gauge group is
broken by a Higgs sector whose renormalizable potential
is of the form

v(y) =——'p lp +—'A,y
This potential receives radiative corrections and the vac-
uum expectation of P is determined by the effective po-
tential which includes these corrections. One-loop
corrections from bosons, such as the Higgs boson, give
contributions of the form A, P 1ng times numerical fac-
tors. These corrections dominate the usual XP at large

One-loop corrections from fermions give contribu-
tions of the form —g~P in/ where the minus sign is due
to Fermi statistics. If the Yukawa couplings are large
enough, the fermion contributions will dominate over the
bosonic ones at large P with the result that our vacuum is
only metastable. ' The effective potential in such a case is
depicted schematically in Fig. 1. Generally, however, the
scale 8 at which the potential becomes unstable is very
much larger than the scale A of the false vacuum.
Flores and Sher have noted that our vacuum need not

be absolutely stable; a metastable vacuum is acceptable if
its lifetime exceeds that of the Universe. It is also neces-
sary that the Universe can be trapped in the false vacuum
in the first place, and they argue that this is plausible. In
particular, the case at hand is different from the case of
the Linde-Weinberg bound. Below the Linde-Weinberg
bound, there is a metastable vacuum at zero temperature
which disappears at high temperature. For the cases ex-
amined in this paper, however, the metastable vacuum
does not destabilize at high temperature.
The vacuum decays by quantum tunneling to form

bubbles of the unstable phase which then expand classi-
cally to absorb all of the metastable phase. There are two
types of forces acting on a bubble: the potential-energy
advantage of the interior over the false vacuum, and its
surface tension. The potential energy favors expansion of
the bubble and grows with the volume; the surface ten-
sion favors contraction and grows with the surface area

(or as the radius if the bubble has thick walls). Thus,
small bubbles are dominated by surface tension and col-
lapse. Large bubbles are dominated by the potential en-
ergy and expand. The quantum tunneling must create a
bubble large enough that the bubble will continue to ex-
pand.
In general, the larger the top-quark mass or smaller the

Higgs-boson mass, the more unstable the potential and
the shorter the lifetime of our vacuum. Flores and Sher
translated the constraint on the lifetime into a constraint
on the top-quark and Higgs-boson masses. ' Figure 2
shows my results for these constraints. Below the lower
solid curve, the vacuum is absolutely stable. Between the
two solid curves it is metastable with a lifetime exceeding
the age of the Universe. These curves apply only to the
minimal standard model with a single Higgs doublet that
is valid up to A = 10' GeV. The upper curve is also
shown for different choices of the cutoff scale A, whereas
the dependence of the lower solid curve on cutoff scale
has been examined in Ref. 5. The lifetime has been com-
puted at zero temperature. The curve corresponding to
the lifetime constraint is significantly different from that
of Ref. 2, perhaps due to the use of more modern results
for the effective potential.

(b)

FIG. 1. The effective potential (a) when our vacuum is abso-
lutely stable and (b) when fermion masses are large enough that
it is not.
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Inspecting the Higgs ...

• ... through vacuum 
stability and DM

• Don’t require absolute 
stability, only stability on 
timescales of the order of 
the age of the universe

• Can compute tunneling 
probability as a function 
of length scale of bounc
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types of forces acting on a bubble: the potential-energy
advantage of the interior over the false vacuum, and its
surface tension. The potential energy favors expansion of
the bubble and grows with the volume; the surface ten-
sion favors contraction and grows with the surface area

(or as the radius if the bubble has thick walls). Thus,
small bubbles are dominated by surface tension and col-
lapse. Large bubbles are dominated by the potential en-
ergy and expand. The quantum tunneling must create a
bubble large enough that the bubble will continue to ex-
pand.
In general, the larger the top-quark mass or smaller the

Higgs-boson mass, the more unstable the potential and
the shorter the lifetime of our vacuum. Flores and Sher
translated the constraint on the lifetime into a constraint
on the top-quark and Higgs-boson masses. ' Figure 2
shows my results for these constraints. Below the lower
solid curve, the vacuum is absolutely stable. Between the
two solid curves it is metastable with a lifetime exceeding
the age of the Universe. These curves apply only to the
minimal standard model with a single Higgs doublet that
is valid up to A = 10' GeV. The upper curve is also
shown for different choices of the cutoff scale A, whereas
the dependence of the lower solid curve on cutoff scale
has been examined in Ref. 5. The lifetime has been com-
puted at zero temperature. The curve corresponding to
the lifetime constraint is significantly different from that
of Ref. 2, perhaps due to the use of more modern results
for the effective potential.

(b)

FIG. 1. The effective potential (a) when our vacuum is abso-
lutely stable and (b) when fermion masses are large enough that
it is not.
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Figure 1: Vacuum structure of the SM as a function of the Higgs boson mass. Regions of
stability/metastability/instability are denoted in blue/purple/red respectively. The solid lines
indicate central values while the dotted lines indicate ±2� error bars on the experimental mea-
surement of the top quark mass.

ii) Metastable (0 > �H > �̂H). The vacuum is not the absolute minimum, but its lifetime is
longer than the age of the Universe.

iii) Unstable (�̂H > �H). The vacuum is not the absolute minimum, and it decays within the
age of the Universe.

Here the critical coupling �̂H is determined by the requirement that the tunneling rate per unit
volume is comparable to the age of the Universe. In particular, we demand that H4 = �, where
H�1 ' 3.7 Gyr and � reads,

� = max
h
R�4 exp(�16⇡2/3|�̂H |)

i ����
R�1<⇤

. (1)

Here R is the characteristic length scale of the bounce, which is bounded by the cuto↵. As
we will elaborate on later, the vacuum structure may be more complicated if the new physics
includes additional scalar particles.

It is possible that our vacuum resides in a stable or metastable regime, but the unstable
regime is of course excluded by our existence. In much of our analyses, it will be convenient to
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Here R is the characteristic length scale of the bounce, which is bounded by the cuto↵. As
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includes additional scalar particles.
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Inspecting the Higgs For 
Stability

• Start with a minimal DM set-up;     
Higgs + DM and nothing else

• Important effects on vacuum stability
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Figure 4: Same as Fig. (3) but for SM + triplet scalar and varying T with �T=0.

For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these
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For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
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2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these
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(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these
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Figure 2: Metastability bands for SM + singlet/doublet and triplet/doublet fermion, shown as
a function of the Higgs mass. Regions above/below each band are stable/unstable. Each band
is labeled with the corresponding value of the Yukawa coupling, yS,T = ycS,T . The dashed lines
correspond to the value of mH suggested by [5, 6].

summarize the nature of the vacuum by depicting the “metastability band” in parameter space
defined by the region

�̂H < �H < 0. (2)

Note that for theories in which supersymmetric dynamics enters at the cuto↵ ⇤, i.e. split or
high-scale supersymmetry, absolute stability is required by the fact that the potential is positive
semi-definite in all field directions, so �H � 0.

By running the RGEs into the ultraviolet, subject to infrared boundary conditions, it is
possible to determine the scale ⇤ at which the quartic coupling crosses through the metasta-
bility band. For example, in Fig. (1) we plot the scale ⇤ indicating the onset of stabil-
ity/metastability/instabilility in the SM as a function of the mH . Our results are in nice
agreement with existing calculations in the literature [2, 3, 4].

The remainder of this paper is as follows. In Sec. 2 we briefly summarize the set of models
to be studied and establish notational conventions. We present our methodology in Sec. 3
regarding the running of couplings and evaluation of DM properties. Finally, in Sec. 4 we
discuss our results. The two-loop RGEs and one-loop threshold corrections for these theories
are presented in App. A and App. B.
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Stability and DM

• Direct Detection and Relic Density can 
probe the couplings

• Relic density in particular can place a 
“floor” on the size of the couplings to 
the Higgs
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Figure 7: Same as Fig. (6) but for SM + singlet/doublet fermion with doublet-like DM.
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Figure 6: Contour plots for SM + singlet/doublet fermion with singlet-like DM, shown in the
(ycS, yS) plane at fixed values of mS and mD. The purple bands corresponds to ⌦h2 = 0.11±0.01.
The red/blue regions are excluded/allowed by XENON100, with �SI denoted. The gray contours
in the upper left/lower right quadrants denote the scale ⇤ (GeV) at which the vacuum becomes
metastable/unstable.
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Figure 4: Same as Fig. (3) but for SM + triplet scalar and varying T with �T=0.

For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these
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For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these
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Figure 6: Contour plots for SM + singlet/doublet fermion with singlet-like DM, shown in the
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Figure 4: Same as Fig. (3) but for SM + triplet scalar and varying T with �T=0.

For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these

6
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For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these
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For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these
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Figure 8: Same as Fig. (6) but for SM + triplet/doublet fermion with triplet-like DM.
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Figure 8: Same as Fig. (6) but for SM + triplet/doublet fermion with triplet-like DM.
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Inspecting the Higgs ...

• ... for new weakly interacting 
particles through its decay 
modes

• Plenty of scanning in the 
literature.

• How do we think about 
separating which combinations 
of observables are relevant for 
which combinations of 
theoretical parameters? 



Inspecting the Higgs

• Embed in specific 
models, e.g. 
NMSSM

• Boost               by 
depleting total 
width

h ! ��

0 0,05 0,1 0,15 0,2 0,25
S2,d

2

1

1,1

1,2

1,3

1,4

1,5

1,6

1,7

1,8

1,9

2R2
γγ

Figure 1: The relative signal rate Rγγ
2 = σγγ

2 /σγγ
SM as function of S2

2,d, for H2 with a mass
in the 124 − 127 GeV range for about 550 points in the parameter space of the NMSSM
described in the text

Next we turn to the lighter Higgs boson H1 in this scenario. Its mass is in the 70 −
120 GeV range. The most relevant search channels in this mass range are again the γ γ
mode, but also H1 → τ τ (with H1 produced by vector boson fusion, VBF) and, to some
extent, H1 → b b̄ with H1 produced in association with W or Z bosons. The reduced signal
strength in the γ γ mode, Rγγ

1 = σγγ
1 /σγγ

SM , can be obtained as above. The reduced signal
strength in the τ τ mode and VBF, Rτ τ

1 = σττ
1 /σττ

SM , is the product of the reduced coupling
ḡ21 of H1 to the electroweak gauge bosons, and the BR(H1 → τ τ), the branching ratio
of H1 into τ τ normalized with respect to the corresponding branching ratio of a SM-like
Higgs boson of the same mass. (The reduced signal strength in the b b̄ mode is practically
the same as Rττ

1 , since it is again proportional to the coupling to electroweak gauge bosons,
and the branching ratio into b b̄ remains proportional to the branching ratio into τ τ .)

In Fig. 2 we show Rγγ
1 and Rτ τ

1 as function of MH1
. We see that Rγγ

1 is not enhanced,

5
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• More general question: how to map 
Higgs physics to new physics from 
Higgs observations?

• Basic observables:
• Mixing and loop effects 

Inspecting the Higgs
B. Observables Parameterization

Next, let us consider the dependence of physical quantities on these theory parameters.

To do so, we define

R[O] = O/O
SM

, (14)

to be the ratio of a given observable O to its SM value, O
SM

. In this notation, we find that

the following important partial width ratios go as

R[�(h ! V V )] = |dV |2 (15)

R[�(h ! bb)] = |db|2 (16)

R[�(h ! ��)] = |d�|2. (17)

Important production cross-section ratios go as

R[�(gg ! h)] = |dg|2 (gluon fusion) (18)

R[�(V V ! h)] = |dV |2 (vector boson fusion). (19)

The cross-section ratio for V h associated production scales the same as for vector boson

fusion (VBF), since both processes involve the Higgs coupling to the massive electroweak

gauge bosons. As noted earlier, our analysis will not include new strongly interacting parti-

cles because such states are likely to be observed first in direct collider searches rather than

precision Higgs physics. Furthermore, such states tend to drive a separation of gluon fusion

and vector boson fusion production that is not observed in the data [3]. In addition, if one

is interested in driving enhancements to h ! ��, many models require large scalar mixing

(through A terms) [15], which can in turn induce vacuum instability [48]. As a result, the

dominant contribution to gluon fusion arises from top and bottom quark loops, so

|dg|2 ' |Ag,tdt +Ag,bdb|2 . (20)

From Eq. (13) we see that the dt contribution is weighted more heavily that db. However,

as noted earlier, this can be compensated by important tan � e↵ects. Note that Eqs. (18)

through (20) imply that all relevant production modes go as R[�(jj ! h)] / cos2 �.

7

i b W g ⌧ c Z �

Br(h ! ii) 56.9% 22.3% 8.52% 6.24% 2.87% 2.76% 0.228%

TABLE I. Branching fractions for h ! ii for mh = 125.5 GeV from [53].

It will be convenient to present our results in terms of signal strength modifiers which

are employed by experimentalists. For the process jj ! h ! ii, we have

Rj
i ⌘ R[�(jj ! h)⇥ Br(h ! ii)] (21)

= R[�(jj ! h)/�
tot

]R[�(h ! ii)] (22)

= bRj|di|2, (23)

where �
tot

is the full width, and bRj ⌘ R[�(jj ! h)/�
tot

] is defined as the ratio of the

production cross-section ratio to the total width ratio, which goes as

R[�
tot

] =
X

i

Br(h ! ii)|di|2. (24)

Here Br(h ! ii) denotes the SM Higgs branching fraction of h ! ii, where i runs over all

kinematically accessible final states. For our analysis, we use the branching fractions for

mh = 125.5 GeV shown in Table I. In principle, there can exist additional particles beyond

the SM to which the Higgs can decay. Throughout the present analysis, however, we neglect

the possibility of such new light states below the Higgs mass threshold, so in Eq. (24) i

labels SM particles alone.

Because the SM branching ratios are dominated by tree level decays to massive particles

that exclusively couple through the doublet Higgses �u and �d, we expect that R[�
tot

] /
cos2 � as long as � is not very large. However, if � ' O(±⇡/2) the decays will be dominated

by decays through the singlet component �s and we instead find R[�
tot

] / sin2 �. As

argued above, R[�(jj ! h)] / cos2 � holds for all production channels of interest so bRj is

independent of � for most mixing angles, but as � ! ±⇡/2 the loop level contribution to

the width from �s begins to dominate the full width, in which case bRj / cot2 � ! 0.

III. TREE LEVEL EFFECTS

In this section we consider the e↵ect on Higgs properties from tree level modifications to

the SM scalar sector. It will be particularly convenient to consider certain ratios of quantities

8
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Trees and Loops

• Can easily separate tree level effects 
from loop effects by looking at ratios of 
observables

• Example of a story: Singlet + 2 HDM + 
new EW states

• Suppose new colored particles will 
show up elsewhere first



Inspecting the Higgs

• Singlet + 2 HDM + new EW states
• Mixing: two angles

• Singlet mixing and deviation from SM 
decoupling limit

II. FRAMEWORK

A. Theory Parameterization

Our theoretical framework assumes that the observed Higgs boson, h, is an admixture of

the neutral components of two Higgs doublets, �u and �d, and a singlet, �s, which acquire

VEVs such that

�I = vI +HI , I = u, d, s, (1)

where v2u + v2d = v2 ' 246GeV, while vu/vd = tan � and vs are free parameters. We define

h to be the lightest mass eigenstate, which is a linear combination of the field fluctuations

h =
X

I

PIHI (2)

PI = (cos↵ cos �,� sin↵ cos �,� sin �), (3)

where PI is, by construction, an orthonormal vector that defines a column of the scalar

mixing matrix. Here ↵ characterizes the mixing between �u and �d, while � parameterizes

the amount of mixing into �s. For later convenience, we define a di↵erence angle

� = ↵� � + ⇡/2, (4)

which measures deviations from the SM “decoupling” limit, � = 0. Cli↵ needs to come back

and discuss the 2pi, pi domains. -CC

What are the couplings of h to other fields? In the SM, it is well known that the

interactions of h are fixed by low-energy Higgs theorems [53]. In particular, starting with

the SM action below the electroweak symmetry breaking scale, the leading Higgs couplings

are obtained by sending v ! v + h, so that all h couplings go like @/@v. In our framework,

this generalizes to the statement that h couples proportionally to
P

I PI@/@vI .

At tree level, the only vI dependence in the action arises from the masses of particles like
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where i labels the massive electroweak gauge bosons or fermions and mi denotes the mass

of particle i. Note that di = 1 in the SM limit because the quarks, leptons and massive

electroweak gauge bosons all acquire tree level masses from electroweak symmetry breaking

alone. Meanwhile, since the photon and gluon do not acquire mass from electroweak sym-

metry breaking, Eq. (5) does not apply to them. We will define these radiatively induced

couplings shortly.

For the massive electroweak gauge bosons and up- and down-type quarks, we have

dV = cos � sin(� � ↵) = cos � cos �

dt = cos � cos↵/ sin � = cos � cos � (1 + tan � cot �)

db = � cos � sin↵/ cos � = cos � cos � (1� tan � tan �) ,

(7)

where in our setup we assume that �u couples to up-type quarks, �d couples to down-type

quarks and leptons, and �s carries no renormalizable couplings directly to quarks, leptons,

or SM gauge bosons. As is well-known, this restriction on �u and �d couplings provides a

convenient way for evading stringent constrains on flavor changing neutral currents. Such a

choice can be straightforwardly enforced by discrete symmetries or holomorphy, in the case

of SUSY.

Our framework also accounts for the possibility that the �I can couple to additional

particles beyond the SM. When i labels such a new state, we have

di = cos �
⇣
cos↵ ⌘u,i � sin↵ ⌘d,i

⌘
� sin � ⌘s,i

= cos �
⇣
sin (� + �) ⌘u,i + cos (� + �) ⌘d,i

⌘
� sin � ⌘s,i,

(8)

where ⌘I,i is taken to be an unknown loop parameter that will be constrained by experi-

ment. Because i labels a new particle, di has no counterpart in the SM, but it can be can be

straightforwardly extracted from a given ultraviolet model using Eqs. (5) and (6). Because

⌘I,i characterizes the power of vI with which mi scales we expect |⌘I,i| = 1 in renormalizable

theories in which the entirety of mi derives from electroweak symmetry breaking [51]. Ab-

sent fine-tuning between tree level mass contributions and electroweak symmetry breaking

contributions to mi, the naive expectation is that in general |⌘I,i| . 1.

For couplings that only arise at loop level, vI dependence enters the action through

particle mass thresholds that influence the running couplings of electromagnetism and the

strong interactions. As in the SM, these e↵ects are what induce the couplings of h to photons
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FIG. 2. Contours of Rj
b/R

j
V (left) and Rg

i /R
V
i (right) as a function of theory parameters (�,�).

The red shaded regions are as in Fig. 1.

in Figs. 1 and 2. This is because tan � cannot be extracted in the decoupling limit, so any

constraint on tan � necessarily requires an observed deviation in SM-like behavior through

tan � first.

Once � and � are determined from data, they can be used to extract other theory param-

eters from Higgs measurements. Concretely, given values of � and �, the quantity cos2 � can

be inferred from a number of di↵erent observables, including Rg
V , R

V
V , R

g
b , and Rt

b (where the

t superscript denotes top quark associated Higgs production). Crucially, to a very good ap-

proximation these quantities all carry the same cos2 � dependence, at least when � 6= ±⇡/2.

Away from that limit of large � we have Rj
i |�=0

' Rj
i/ cos

2 �, which we plot as a function

of � and � in Fig. 3. If � and � have been extracted from observables, and Rj
i has been

measured, then � can be extracted from Fig. 3.

We now explain some of the features of Fig. 3, starting with the upper left panel. By

going to the anti-decoupling limit, � = ±⇡/2, we can tune the vector coupling arbitrarily low

while maintaining a nonzero Higgs width to SM particles. In contrast, it is not possible to

increase Rj
V without bound: there is a maximum around where the b width is zero. Taking
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FIG. 1. Contours of tan� (left) and tan � (right) as a function of (Rg
i /R

V
i , R

j
b/R

j
V ), which can be

obtained directly from experiment. The red shaded regions show values that will remain consistent

with the SM with 300 fb�1 and blue shaded regions show values inconsistent with tan� > 1. The

solid (dotted) curves show the region where db is positive (negative).

in order to reduce systematics, including

Rj
b

Rj
V

=
Rj

`

Rj
V

=
|db|2
|dV |2 = (1� tan � tan �)2 , (25)

where the production mode j is arbitrary, e.g. gluon fusion or vector boson fusion. Note

that Rj
` = Rj

b in our setup because �d provides the masses for the down-type quarks and the

leptons. We also consider the ratio

Rg
i

RV
i

' 1

|dV |2 |Ag,tdt +Ag,bdb|2 = |Ag,t(1 + tan � cot �) +Ag,b(1� tan � tan �)|2 , (26)

where the decay mode i is arbitrary. Interestingly, Eq. (25) and Eq. (26) provide two

equations for two unknowns, � and �, which can be solved for in terms of experimental

inputs. To facilitate this mapping, we plot tan � and tan � as functions of the signal strength

modifiers Rj
b/R

j
V and Rg

i /R
V
i in Fig. 1. The solid (dotted) curves show the region where

db/dV is positive (negative) This used to say ”where db is positive”, I changed to ”db/dV”.

Delete this comment if you agree. -CC. For models which are relatively SM-like, this quantity

should be positive and close to unity; large new physics contributions are required to flip its
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equations for two unknowns, � and �, which can be solved for in terms of experimental

inputs. To facilitate this mapping, we plot tan � and tan � as functions of the signal strength
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db/dV is positive (negative). For models which are relatively SM-like, this quantity should
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eters from Higgs measurements. Concretely, given values of � and �, the quantity cos2 � can

be inferred from a number of di↵erent observables, including Rg
V , R

V
V , R

g
b , and Rt

b (where the

t superscript denotes top quark associated Higgs production). Crucially, to a very good ap-

proximation these quantities all carry the same cos2 � dependence, at least when � 6= ±⇡/2.

Away from that limit of large � we have Rj
i |�=0

' Rj
i/ cos

2 �, which we plot as a function

of � and � in Fig. 3. If � and � have been extracted from observables, and Rj
i has been

measured, then � can be extracted from Fig. 3.

We now explain some of the features of Fig. 3, starting with the upper left panel. By

going to the anti-decoupling limit, � = ±⇡/2, we can tune the vector coupling arbitrarily low

while maintaining a nonzero Higgs width to SM particles. In contrast, it is not possible to

increase Rj
V without bound: there is a maximum around where the b width is zero. Taking
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FIG. 1. Contours of tan� (left) and tan � (right) as a function of (Rg
i /R

V
i , R

j
b/R

j
V ), which can be

obtained directly from experiment. The red shaded regions show values that will remain consistent

with the SM with 300 fb�1 and blue shaded regions show values inconsistent with tan� > 1. The

solid (dotted) curves show the region where db is positive (negative).

in order to reduce systematics, including

Rj
b

Rj
V

=
Rj

`

Rj
V

=
|db|2
|dV |2 = (1� tan � tan �)2 , (25)

where the production mode j is arbitrary, e.g. gluon fusion or vector boson fusion. Note

that Rj
` = Rj

b in our setup because �d provides the masses for the down-type quarks and the

leptons. We also consider the ratio

Rg
i

RV
i

' 1

|dV |2 |Ag,tdt +Ag,bdb|2 = |Ag,t(1 + tan � cot �) +Ag,b(1� tan � tan �)|2 , (26)

where the decay mode i is arbitrary. Interestingly, Eq. (25) and Eq. (26) provide two

equations for two unknowns, � and �, which can be solved for in terms of experimental

inputs. To facilitate this mapping, we plot tan � and tan � as functions of the signal strength

modifiers Rj
b/R

j
V and Rg

i /R
V
i in Fig. 1. The solid (dotted) curves show the region where

db/dV is positive (negative) This used to say ”where db is positive”, I changed to ”db/dV”.

Delete this comment if you agree. -CC. For models which are relatively SM-like, this quantity

should be positive and close to unity; large new physics contributions are required to flip its
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FIG. 1. Contours of tan� (left) and tan � (right) as a function of (Rg
i /R

V
i , R

j
b/R

j
V ), which can be

obtained directly from experiment. The red shaded regions show values that will remain consistent

with the SM with 300 fb�1 and blue shaded regions show values inconsistent with tan� > 1. The

solid (dotted) curves show the region where db is positive (negative).

in order to reduce systematics, including

Rj
b

Rj
V

=
Rj

`

Rj
V

=
|db|2
|dV |2 = (1� tan � tan �)2 , (25)

where the production mode j is arbitrary, e.g. gluon fusion or vector boson fusion. Note

that Rj
` = Rj

b in our setup because �d provides the masses for the down-type quarks and the

leptons. We also consider the ratio

Rg
i

RV
i

' 1

|dV |2 |Ag,tdt +Ag,bdb|2 = |Ag,t(1 + tan � cot �) +Ag,b(1� tan � tan �)|2 , (26)

where the decay mode i is arbitrary. Interestingly, Eq. (25) and Eq. (26) provide two

equations for two unknowns, � and �, which can be solved for in terms of experimental

inputs. To facilitate this mapping, we plot tan � and tan � as functions of the signal strength

modifiers Rj
b/R

j
V and Rg

i /R
V
i in Fig. 1. The solid (dotted) curves show the region where

db/dV is positive (negative). For models which are relatively SM-like, this quantity should

be positive and close to unity; large new physics contributions are required to flip its sign.

The shaded red boxes in Fig. 1 denote the range of measurements consistent within 1�
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FIG. 1. Contours of tan� (left) and tan � (right) as a function of (Rg
i /R

V
i , R

j
b/R

j
V ), which can be

obtained directly from experiment. The red shaded regions show values that will remain consistent

with the SM with 300 fb�1 and blue shaded regions show values inconsistent with tan� > 1. The

solid (dotted) curves show the region where db is positive (negative).

in order to reduce systematics, including

Rj
b

Rj
V

=
Rj

`

Rj
V

=
|db|2
|dV |2 = (1� tan � tan �)2 , (25)

where the production mode j is arbitrary, e.g. gluon fusion or vector boson fusion. Note

that Rj
` = Rj

b in our setup because �d provides the masses for the down-type quarks and the

leptons. We also consider the ratio

Rg
i

RV
i

' 1

|dV |2 |Ag,tdt +Ag,bdb|2 = |Ag,t(1 + tan � cot �) +Ag,b(1� tan � tan �)|2 , (26)

where the decay mode i is arbitrary. Interestingly, Eq. (25) and Eq. (26) provide two

equations for two unknowns, � and �, which can be solved for in terms of experimental

inputs. To facilitate this mapping, we plot tan � and tan � as functions of the signal strength

modifiers Rj
b/R

j
V and Rg

i /R
V
i in Fig. 1. The solid (dotted) curves show the region where

db/dV is positive (negative). For models which are relatively SM-like, this quantity should

be positive and close to unity; large new physics contributions are required to flip its sign.

The shaded red boxes in Fig. 1 denote the range of measurements consistent within 1�
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FIG. 1. Contours of tan� (left) and tan � (right) as functions of (Rg
i /R

V
i , R

j
b/R

j
V ), which are

obtained directly from experiment. The red shaded regions with solid (dashed) borders show

values that will remain consistent with the SM with 300 (3000) fb�1 and blue shaded regions show

values which cannot be observed within this framework. The solid (dotted) curves show the region

where db/dV is positive (negative).

in order to reduce systematics, including

Rj
b

Rj
V

=
Rj

`

Rj
V

=
|db|2
|dV |2 = (1� tan � tan �)2 , (25)

where the production mode j is arbitrary, e.g. gluon fusion or vector boson fusion. We also

consider the ratio

Rg
i

RV
i

' 1

|dV |2 |Ag,tdt +Ag,bdb|2 = |Ag,t(1 + tan � cot �) +Ag,b(1� tan � tan �)|2 , (26)

where the decay mode i is arbitrary. Interestingly, Eq. (25) and Eq. (26) provide two

equations for two unknowns, � and �, which can be solved for in terms of experimental

inputs. To facilitate this mapping, we plot tan � and tan � as functions of the signal strength

modifiers Rj
b/R

j
V and Rg

i /R
V
i in Fig. 1. The solid (dotted) curves show the region where

db/dV is positive (negative). For models which are relatively SM-like, this quantity should be

positive and close to unity; large new physics contributions are required to flip its sign. The

shaded red boxes in Fig. 1 denote the range of measurements consistent within 1� uncertainty
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FIG. 1. Contours of tan� (left) and tan � (right) as functions of (Rg
i /R

V
i , R

j
b/R

j
V ), which are

obtained directly from experiment. The red shaded regions with solid (dashed) borders show

values that will remain consistent with the SM with 300 (3000) fb�1 and blue shaded regions show

values which cannot be observed within this framework. The solid (dotted) curves show the region

where db/dV is positive (negative).

in order to reduce systematics, including

Rj
b

Rj
V

=
Rj

`

Rj
V

=
|db|2
|dV |2 = (1� tan � tan �)2 , (25)

where the production mode j is arbitrary, e.g. gluon fusion or vector boson fusion. We also

consider the ratio

Rg
i

RV
i

' 1

|dV |2 |Ag,tdt +Ag,bdb|2 = |Ag,t(1 + tan � cot �) +Ag,b(1� tan � tan �)|2 , (26)

where the decay mode i is arbitrary. Interestingly, Eq. (25) and Eq. (26) provide two

equations for two unknowns, � and �, which can be solved for in terms of experimental

inputs. To facilitate this mapping, we plot tan � and tan � as functions of the signal strength

modifiers Rj
b/R

j
V and Rg

i /R
V
i in Fig. 1. The solid (dotted) curves show the region where

db/dV is positive (negative). For models which are relatively SM-like, this quantity should be

positive and close to unity; large new physics contributions are required to flip its sign. The

shaded red boxes in Fig. 1 denote the range of measurements consistent within 1� uncertainty
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Extract

i b W g ⌧ c Z �

Br(h ! ii) 56.9% 22.3% 8.52% 6.24% 2.87% 2.76% 0.228%

TABLE I. Branching fractions for h ! ii for mh = 125.5 GeV.

It will be convenient to present our results in terms of signal strength modifiers which

are employed by experimentalists. For the process jj ! h ! ii, we have

Rj
i ⌘ R[�(jj ! h)⇥ Br(h ! ii)] (21)

= R[�(jj ! h)/�
tot

]R[�(h ! ii)] (22)

= bRj|di|2, (23)

where �
tot

is the full width, and bRj ⌘ R[�(jj ! h)/�
tot

] is defined as the ratio of the

production cross-section ratio to the total width ratio, which goes as

R[�
tot

] =
X

i

Br(h ! ii)|di|2. (24)

Here Br(h ! ii) denotes the SM Higgs branching fraction of h ! ii, where i runs over all

kinematically accessible final states. For our analysis, we use the branching fractions for

mh = 125.5 GeV shown in Table I. In principle, there can exist additional particles beyond

the SM to which the Higgs can decay. Throughout the present analysis, however, we neglect

the possibility of such new light states below the Higgs mass threshold, so in Eq. (24), i

labels SM particles alone.

Because the SM branching ratios are dominated by tree level decays, we expect that

R[�
tot

] / cos2 � as long as � is not very large. However, if � ' O(±⇡/2), the decays

will be dominated by decays through the singlet component �s and R[�
tot

] / sin2 �. Since

R[�(jj ! h)] / cos2 �, bRj is independent of � for most mixing angles, but bRj / cot2 � ! 0

as � ! ±⇡/2, in which case the loop level contribution to the width from �s begins to

dominate the full width.

III. TREE LEVEL EFFECTS

In this section we consider the e↵ect on Higgs properties from tree level modifications to

the SM scalar sector. It will be particularly convenient to consider certain ratios of quantities
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FIG. 3. Contours of Rj
i/ cos

2 � (which we approximate by Rj
i |�=0

) for V (top row) and b (bot-

tom row) final states from a variety of production channels. Once � and � are determined from

observation, measuring Rj
i can then be used to obtain �.

The first, second and third terms in the above expression correspond to (i) the contribution

from W loops, This used to say ”The SM contribution” which I don’t think is right - it’s

the contribution from W’s, which could be di↵erent from the contribution from W’s in the

SM, since we divided by dV . If you agree, delete comment. (ii) the e↵ect of mixing on the t

and b Yukawas, and (iii) the e↵ects of any additional charged particles beyond the SM. As

expected, in the decoupling limit, � ! 0, the e↵ects of (ii) vanish but (iii) can still play an
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FIG. 4. Contours of Rj
�/R

j
V in the plane of theoretical parameters (�,�), with no new charged

particles beyond the SM present. The red shaded regions are as in Fig. 1.

a much more narrow range than Rj
b/R

j
V . The reason for this correlation is obvious: h ! ��

is a process dominated by a W loop, so it is highly correlated with the decay h ! WW .

Meanwhile, h ! bb and h ! WW are uncorrelated because the Higgs coupling to bottom

quarks is controlled only by the �d component of h, while the Higgs coupling to electroweak

vector bosons is controlled by both the �u and �d components of h. Thus in order to decouple

the Higgs rate to photons relative to the rate to gauge bosons, i.e. push Rj
�/R

j
V far from

unity, loop e↵ects from new charged particles must be included. Breaking the correlation

between these signal strengths will be one of the primary e↵ects we are investigating, but

loop e↵ects will be critical for doing so.

Let us now investigate these loop e↵ects. As expected, in the decoupling limit, � ! 0,

the e↵ects of (ii) vanish but (iii) can still play an important role. We plot the unknown

quantity
P

i 62SM A�,idi/dV in Fig. 5 as a function of the ratios of signal strengths that appear

in Eq. (30), taking the low tan� limit such that dg ' dt, and thus ✏(�) ' A�,t(dg/dV � 1).

Because the signal strengths are related to d� and dg by squaring, the latter are only fixed up

to a sign ambiguity. In the left (right) panel we show contours of
P

i 62SM A�,idi/dV where the

sign of dg/dV is positive (negative). In both panels, the solid (dotted) curves show regions
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avoiding the decoupling limit.

IV. LOOP LEVEL EFFECTS

With results for tree-level processes in hand, we can now consider the multi-faceted

e↵ects in the loop-mediated process h ! ��. The mixing angles �, �, and � and three loop

parameters ⌘I,i enter. We will find again that the physics can be more easily extracted and

understood by normalizing to the tree level rate to gauge bosons Rj
V . The diphoton signal

strength at leading order is

d� ' A�,V dV +A�,tdt +A�,bdb +
X

i 62SM

A�,idi, (27)

where we have approximated by only including the dominant SM loop contributions from the

electroweak vector bosons and the top and bottom quarks. Dividing both sides of Eq. (27)

by dV and rearranging terms using the fact that A�,V +A�,t +A�,b = 1, we find that

d�
dV

' 1 +A�,t

✓
dt
dV

� 1

◆
+A�,b

✓
db
dV

� 1

◆
+

1

dV

X

i 62SM

A�,idi (28)

= 1 + ✏(�) tan � +
1

dV

X

i 62SM

A�,idi, (29)

where we have defined a function ✏(�) = A�,t cot � �A�,b tan �. Simply squaring Eq. (29),

we can recast the same information in terms of experimental observables, so

Rj
�

Rj
V

'
�����1 + ✏(�) tan � +

1

dV

X

i 62SM

A�,idi

�����

2

. (30)

The first, second and third terms in the above expression correspond to (i) the contribution

from W loops, (ii) the e↵ect of mixing on the t and b Yukawas, and (iii) the e↵ects of any

additional charged particles beyond the SM.

Let us consider signal strengths in the case with no new charged particles beyond the

SM, so that only mixing e↵ects induce deviations from unity so that only the contributions

from (i) and (ii) are present in Eq. (30),

Rj
�

Rj
V

= |1 + ✏(�) tan �|2 . (31)

In Fig. 4 we map out contours of Eq. (31). Comparing Figs. 2 and 4, we see that Rj
V is

more tightly correlated with Rj
� than with Rj

b, since in the (�, �) plane, Rj
�/R

j
V spans over

13
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FIG. 5. Taking the low tan� limit, we plot the new physics contribution to the diphoton rate as a

function of Rj
�/R

j
V and Rg

i /R
V
i . The left (right) panel shows values of

P
i 62SMA�,idi/dV for which

d�/dV is positive (negative). In both panels, solid (dotted) lines show values of
P

i 62SMA�,idi/dV for

which dg/dV is positive (negative). The red shaded regions are as in Fig. 1. We use the uncertainty

in Rg
i /R

V
i rather than Rt

i/R
V
i since the former will be much better measured, as shown in Tab. II.

Let us now investigate these loop e↵ects. As expected, in the decoupling limit, � ! 0,

the e↵ects of (ii) vanish but (iii) can still play an important role. We plot the unknown

quantity
P

i 62SM A�,idi/dV in Fig. 5 as a function of the ratios of signal strengths that appear

in Eq. (30), taking the low tan� limit such that dg ' dt, and thus ✏(�) ' A�,t(dg/dV � 1).

Because the signal strengths are related to d� and dg by squaring, the latter are only fixed up

to a sign ambiguity. In the left (right) panel we show contours of
P

i 62SM A�,idi/dV where the

sign of d�/dV is positive (negative). In both panels, the solid (dotted) curves show regions

where dg/dV is positive (negative). Note that negative values of dg/dV or d�/dV require

large e↵ects from new physics, and are far from SM-like.

Let us now discuss in more detail how (iii) acts on the h ! �� rate. As shown in Eq. (13),

the W loop contribution to the Higgs coupling to photons destructively interferes with but

dominates over the top and bottom quark loop contributions. Regardless of whether the new
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vector boson fusion or vector boson associated production, but which is even less sensitive

to tan �. For the bottom panels, we show Rg
b and Rt

b with no singlet mixing, which illustrate

that it is very hard to boost bottom production unless we go to very large tan � while

simultaneously avoiding the decoupling limit. Bottom production can be increased more

e↵ectively by going to large tan � in the case of gluon fusion as compared to top associated

production because the gluon loop contains a bottom piece. Thus, these panels are distinct

as � ! ⇡/2, but they are otherwise very similar.

IV. LOOP LEVEL EFFECTS

With results for tree-level processes in hand, we can now consider the multi-faceted

e↵ects in the loop-mediated process h ! ��. The mixing angles �, �, and � and three loop

parameters ⌘I,i enter. We will find again that the physics can be more easily extracted and

understood by normalizing to the tree level rate to gauge bosons Rj
V . The diphoton signal

strength at leading order is

d� ' A�,V dV +A�,tdt +A�,bdb +
X

i 62SM

A�,idi, (27)

where we have approximated by only including the dominant SM loop contributions from the

electroweak vector bosons and the top and bottom quarks. Dividing both sides of Eq. (27)

by dV and rearranging terms using the fact that A�,V +A�,t +A�,b = 1, we find that

d�
dV

' 1 +A�,t

✓
dt
dV

� 1

◆
+A�,b

✓
db
dV

� 1

◆
+

1

dV

X

i 62SM

A�,idi (28)

= 1 + ✏(�) tan � +
1

dV

X

i 62SM

A�,idi, (29)

where we have defined a function ✏(�) = A�,t cot � �A�,b tan �. Simply squaring Eq. (29),

we can recast the same information in terms of experimental observables, so

Rj
�

Rj
V

'
�����1 + ✏(�) tan � +

1

dV

X

i 62SM

A�,idi

�����

2

. (30)

The first, second and third terms in the above expression correspond to (i) the SM contribu-

tion, (ii) the e↵ect of mixing on the t and b Yukawas, and (iii) the e↵ects of any additional

charged particles beyond the SM.
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II. FRAMEWORK

A. Theory Parameterization

Our theoretical framework assumes that the observed Higgs boson, h, is an admixture of

the neutral components of two Higgs doublets, �u and �d, and a singlet, �s, which acquire

VEVs such that

�I = vI +HI , I = u, d, s, (1)

where v2u+v2d = v2 ' (246GeV)2, while vu/vd = tan � and vs are free parameters. We define

h to be the lightest mass eigenstate, which is a linear combination of the field fluctuations

h =
X

I

PIHI (2)

PI = (cos↵ cos �,� sin↵ cos �,� sin �), (3)

where PI is, by construction, an orthonormal vector that defines a column of the scalar

mixing matrix. Here ↵ characterizes the mixing between �u and �d, while � parameterizes the

amount of mixing into �s. A priori, ↵ and � label arbitrary angles in spherical coordinates,

so ↵ and � are periodic over domains of size 2⇡ and ⇡, respectively. As we will see later on,

many physical observables will depend on these angles with a higher frequency of periodicity.

For later convenience, we also define a di↵erence angle

� = ↵� � + ⇡/2, (4)

which measures deviations from the SM “decoupling” limit, � = 0.

In the SM, it is well known that the couplings of h to other fields are fixed by low-energy

Higgs theorems [50]. In particular, starting with the SM action below the electroweak

symmetry breaking scale, the leading Higgs couplings are obtained by sending v ! v+h, so

that all h couplings go like @/@v. In our framework, this generalizes to the statement that h

couples proportionally to
P

I PI@/@vI . For any particles that derive mass from electroweak

symmetry breaking, it is convenient to define the dimensionless quantities

di =
X

I

PI⌘I,i (5)

⌘I,i =
v

mi

@mi

@vI
, (6)

4

All new physics in this black box!
(easily calculable)



Application: NMSSM
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FIG. 10. Contours of (left) Rg
V and (right) Rg

b for fixed tan�.

The Higgs coupling vectors of Eq. (5) for the chargino and the charged Higgs are

⌘I,�± =
2m2

W

m2

✓
� cos �,� sin �,

�M
2p

2g
2

mW

◆
, (40)

⌘I,H± =

 
m2

W

m2

H±

1� 2�2/g2

2 sin �
� cos 2�

2 sin �
,
m2

W

m2

H±

1� 2�2/g2

2 cos �
+

cos 2�

2 cos �
, (41)

2mW

g
2

m2

H±

2A� + � (2vs + µs) + µ

sin 2�

!
.

Again, I really encourage someone to check my computations for m2

H± for factors of 2 and

such...-SM This has been changed. Check again. KZ The constant terms in the H± coupling

vector ensure that the charged Higgs does not automatically decouple even as mH± ! 1.

However, for very large mass, as required by direct and indirect searches, we can make

additional statements about the strength of this coupling. We find that dH± is proportional

to the mixing angle �, which tends to be small when mH± is large, and to cot 2�, which goes

to 0 as tan � ! 1. Combining these scaling arguments with the relative size of the fermion

and scalar beta functions (b
1/2 = 4b

0

), the H± is ine↵ective compared to the �± throughout

the bulk of the parameter space we are interested in.

The ratio of the diphoton and vector signal strength modifiers in the NMSSM as a function
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A. Masses And Kinematics

Next, we focus on changes to Higgs production and decay in the NMSSM. The one loop

corrections to h ! �� will come from the charged Higgs H± or the charginos �±. For a

multiplet of new physics states of equal charge labeled by i, there contribution to the Higgs

coupling to photons is controlled by

⌘I =
X

i

⌘I,i =
X

i

v

mi

@mi

@VI

= v
@

@VI

log detM (36)

according to Eq. (6). Here M is the mass matrix for the particles i, so the eigenvalues of

M are mi.

We define µ
e↵

⌘ �vs + µ, so that the charged Higgs mass is I find factors were wrong in

previous expression. Please check. KZ

m2

H± =

✓
A�

�
+

vs + µs

2

◆
µ
e↵

+Bµ

�
v2

vuvd
+

v2

2

✓
g2
2

2
� �2

◆
, (37)

The chargino mass mixing matrix is

M�± =

0

@ M
2

gvu/
p
2

gvd/
p
2 µ

e↵

/
p
2

1

A , (38)

where M
2

is the wino mass parameter. The determinant of this matrix is the product of the

two chargino masses, which we will call m2:

�
m2

�
2

=
⇣
m�±

1
m�±

2

⌘
2

= det
⇣
M†

�±M�±

⌘
=

✓
M

2

µ
e↵p
2

� 1

2
g2vuvd

◆
2

. (39)

We will use m2 to parameterize the chargino loop e↵ects. Current chargino constraints from

LEP simply require m�±
1
& 103.5GeV for generic neutralino masses or m�±

1
& 92GeV for

nearly degenerate chargino and neutralino masses [54].

In Fig. 9 we show contours of constant m�±
1
for realistic fixed values of m. For M

2

. m,

the lightest chargino is predominantly fW± so that the �±
1

mass obeys m�±
1
⇠ M

2

. In this

regime it is evident that increasing m
2

for fixed m corresponds to increasing m�±
1
, while

the opposite is true for large M
2

where the lightest chargino is mostly eH±. The transition

from fW± to eH± occurs around m, and at this point the o↵-diagonal terms in M�± become

important so that there is increased sensitivity to tan� in this region. Away from this feature

in the parameter space the chargino masses are well split so that m�±
1,2

⇠ µ
e↵

/
p
2,M

2

and

there is less dependence on tan �.
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FIG. 11. Contribution from the �± loop in the decoupling limit with � = 0.2, 0.4 for (left)

m = 150GeV and (right) m = 250GeV. In the shaded red regions, m�±
1
 103.5GeV for � = 0.7.

H± is ine↵ective compared to the �± throughout the bulk of the parameter space we are

interested in.

The ratio of the diphoton and vector signal strength modifiers in the NMSSM as a function

of the �± couplings is

✓
Rj

�

Rj
V

◆

NMSSM

'
�����1 + ✏(�) tan � �A�,�±

 
2m2

W

m2

sin(2� + �)

cos �
+

p
2�mWM

2

g m2

tan �

cos �

!�����

2

. (42)

From this expression, we see that the photon and vector rates can be di↵erent from each

other most e↵ectively for large positive �, large �, and small tan �. The ✏(�) piece vanishes

in the decoupling limit and the singlet piece does not contribute if there is no mixing, but

even in these combined limits the ratio still delivers an increase over the SM prediction by

a factor ⇠ 2m2

W/5m2 ⇠ O(20%) because of the presence of the additional loop particle. As

anticipated above, the couplings ⌘I,�± are not independent of the chargino mass parameters.

Interestingly, the sign of this e↵ect works to give an enhancement of Rj
� as compared to Rj

V .

In Fig. 11 we display the values of Rj
�/R

j
V resulting from �± loop e↵ects as a function

of tan � and �M
2

, which respectively parameterize the size of the couplings to the doublet

and singlet Higgses: ⌘u,�± ⇠ ⌘d,�± ⇠ tan � and �M
2

⇠ ⌘s,�± . In Fig. 12 we show this
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Summary

• Traditional probes are closing an increasing 
fraction of the window for new EW states

• To close (or observe!) the remaining part of the 
window, need to use complementary probes

• Higgs provides an opportunity through 
indirect probes -- stability and production/
decay

• These can be more effectively utilized by 
looking at correlations between observables 
that can be mapped uniquely to a theory



summary

• Haven’t discussed but there are 
important correlations with direct and 
indirect detection experiments if these 
states are connected to the DM (another 
talk)

• Flavor too
• Multi-pronged approach!


