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Very simple theory:  

Explains results of nearly  
all experiments. 
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Gauge symmetry dictates all interactions:

u

d

W

Masses for fermions and gauge bosons forbidden. 

Inconsistent with observation.

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
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Magnetic fields are 
expelled: Meissner effect. 

In a superconductor, 
electrons pairs condense 
and give mass to the photon. 

Charged object fills space 
not allowing photon to 
propagate.

in vacuum

in superconductor

Figure 1: The photon gets bounced around by a Bose–Einstein condensate
with an electric charge, and becomes short-ranged.

We know something, however. The condensate should not disturb pho-
tons, while it should W and Z bosons. That fixes the quantum number of
the condensate; it should be basically the same as the neutrinos. Neutrinos
do not carry an electric charge, but does interact with W and Z bosons.
This was possible because the neutrinos are in isodoublets with hypercharge
�1/2, and the combination or W3 and B that couples to this component is
precisely the Z boson. Therefore, if the Higgs boson is an isodoublet and has
hypercharge �1/2,

H =

 
H0

H�

!

, (10)

it has exactly the same coupling as the lepton doublet has, and the neutral
(upper) component behaves the same way as the neutrinos. Once this com-
ponent acquires a condensate, it disturbs W and Z but not the photon. This
is precisely what we need.

In fact, this idea allows us to calculate the mass of the W and Z bosons
given the condensate hH0i = v/

p
2. The coupling is given by

g
~⌧

2
· ~W + g0
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◆
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2gW+
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gZZ

p
2gW+

p
2gW� 2eA + (�1 + 2 sin2 ✓W )Z

!

.(11)

Therefore, the coupling of the W and Z to the condensate generates the
masses

m2
W =

1

4
g2v2, m2

Z =
1

4
g2

Zv2. (12)

Recalling gZ = e/ cos ✓W sin ✓W and g = e/ sin ✓W , we find

m2
Z cos2 ✓W = m2

W . (13)
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HIGGS MECHANISM
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dox between purely V �A nature of the charged-current weak interaction is
reconciled with the finite mass of the electron. The generated electron mass
is

me = yev. (15)

There is no theoretical principle that determines the size of this Yukawa
coupling. The Higgs boson is not a gauge boson, and it is not subject to
the universality as the gauge interactions. We simply choose the size to
reproduce the observed mass, ye ⇡ 2⇥ 10�6.
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Figure 2: The left-handed particles bump on the condensate and become
right-handed, and vice versa. They mix quantum mechanically and the
Hamiltonian eigenstates are their mixtures. On the other hand, neutrinos
can’t bump on the condensate because there are no right-handed neutrinos.

We introduce di↵erent Yukawa couplings to all three generations of the
charged leptons, yµ ⇡ 4⇥ 10�4, y⌧ ⇡ 7⇥ 10�5, as to reproduce the observed
masses.

What about quarks? There is an additional complication because there
are both right-handed up- and down-type quarks, while there are no right-
handed neutrinos in the lepton sector. Therefore there are two types of
Yukawa couplings needed. Moreover, as you will see soon below, we can let
any three generations of right-handed and left-handed quarks couple to the
Higgs boson. We need to keep track of the generation index i = 1, 2, 3 for the
left-handed uLi, dLi and right-handed uRi, dRi quarks. The general Yukawa

7

Entire universe is a superconductor, condensate of 
something that talks to fermions, W, Z but not photon.

Anderson, 1963



DANIEL STOLARSKI     October 5, 2015      TAU to CERN

HIGGS MECHANISM

8

dox between purely V �A nature of the charged-current weak interaction is
reconciled with the finite mass of the electron. The generated electron mass
is

me = yev. (15)

There is no theoretical principle that determines the size of this Yukawa
coupling. The Higgs boson is not a gauge boson, and it is not subject to
the universality as the gauge interactions. We simply choose the size to
reproduce the observed mass, ye ⇡ 2⇥ 10�6.

γ

µ

e

t

eL
eLeR

eR

µR µR

µR
µL µL

µL
tL
tR tL

tR

ν νL

Figure 2: The left-handed particles bump on the condensate and become
right-handed, and vice versa. They mix quantum mechanically and the
Hamiltonian eigenstates are their mixtures. On the other hand, neutrinos
can’t bump on the condensate because there are no right-handed neutrinos.

We introduce di↵erent Yukawa couplings to all three generations of the
charged leptons, yµ ⇡ 4⇥ 10�4, y⌧ ⇡ 7⇥ 10�5, as to reproduce the observed
masses.

What about quarks? There is an additional complication because there
are both right-handed up- and down-type quarks, while there are no right-
handed neutrinos in the lepton sector. Therefore there are two types of
Yukawa couplings needed. Moreover, as you will see soon below, we can let
any three generations of right-handed and left-handed quarks couple to the
Higgs boson. We need to keep track of the generation index i = 1, 2, 3 for the
left-handed uLi, dLi and right-handed uRi, dRi quarks. The general Yukawa

7

Entire universe is a superconductor, condensate of 
something that talks to fermions, W, Z but not photon.

One model is an elementary scalar field proposed  
by Brout, Englert, Higgs and others.

Anderson, 1963
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HIGGS BOSON?

9

Simple model by Higgs 
et. al. predicts new 
particle. 

All properties of particle 
dictated by symmetry.  

Know exactly how to find 
it…if it exists.



DANIEL STOLARSKI     October 5, 2015      TAU to CERN

A NEW PARTICLE
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h ! �� h ! 4e/4µ/2e2µ
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h ! �� h ! 4e/4µ/2e2µ

All final states are light!  

Higgs is supposed to be responsible for mass…
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h ! �� h ! 4e/4µ/2e2µ

All final states are light!  

Higgs is supposed to be responsible for mass…

Quantum mechanics: can have virtual particle 
creation. 
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h ! �� h ! 4e/4µ/2e2µ
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IS IT THE HIGGS?
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Consistent with the Higgs, but could  
also be something else.

Neutral pion decays to two photons and four electrons, 
but its not a universe-wide superconductor.
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FIG. 1: (a) Two decay planes of Zi ! `i ¯̀i, i = 1, 2. The polar angles ✓i shown are defined in the

rest frames of Zi with respect to k̂i, while the azimuthal angles shown are in fact 2⇡ � �
1

= ��
1

and ⇡ � �
2

. (b) The coordinate system in the CM frame and the definition of the production angle

⇥.

As indicated in Fig. 1, we choose the coordinate system in the center-of-mass (CM) frame

of the two Z’s system as:

ẑCM = k̂

1

, ŷCM =
k̂q ⇥ k̂

1

|k̂q ⇥ k̂

1

|
, x̂CM = ŷCM ⇥ ẑCM =

�k̂q + k̂

1

(k̂q · k̂

1

)

|k̂q ⇥ k̂

1

|
. (1)

Furthermore, we define Z
1

as the rest frame of the Z

1

boson by boosting the CM frame

along k̂

1

, while Z
2

is obtained by first rotating CM frame with respect to ŷCM by ⇡ and then

boosting along k̂

2

. The production angle ⇥ and decay angles {✓

1

, ✓

2

, �

1

, �

2

} are defined as

follows:

• ⇥: polar angle of the momentum of the incoming quark in the CM frame.

• ✓

1,2: polar angle of the momentum of `

1,2 in the Z
1,2 frame.

• �

1,2: azimuthal angle of `

1,2 in the Z
1,2 frame.

The azimuthal production angle is irrelevant and chosen to be zero. In these definitions,

three-momenta of `

1,2 in the Z
1,2 frame can be written as

~p`i in the Zi frame = |~p`i | (sin ✓i cos �i, sin ✓i sin �i, cos ✓i) , i = 1, 2 , (2)

while the three-momentum of the incoming parton in the CM frame is

~

kq in the CM frame = |~kq| (� sin ⇥, 0, cos ⇥) . (3)

5

Each event is characterized 
by five different variables.
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FIG. 1. Normalized distributions for Φ (top), cos θi (middle),
and M2 (bottom) for mφ = 125 GeV. Each plot shows curves
from our three different scenarios with ah blue (solid), as red
(dashed), and aZγ green (dot-dashed).

The top two panels in Fig. 1 show that the angular
distributions, particularly that of cos θ provide good dis-
criminating power between a Higgs-like scenario ah, and
the two non-Higgs-like possibilities. The third plot shows
that the M2 distribution is different for all three scenar-
ios, and the difference is even more pronounced for small
values of M2. This can be seen from the following simple
analysis. For ah, the matrix element goes to a constant as
M2 → 0, and a phase space factor of M2dM2 makes the
rate go to zero. For as, the matrix element goes as M2

for small M2 because of the derivative in the operator,
so dΓ falls as M3

2 . Finally, for aZγ , the matrix element
goes as 1/M2 because the photon propagator in the de-
nominator and the derivative in the numerator, and thus

the rate goes as 1/M2. As we will see below, realistic
detector cuts such as those on lepton pT will change this
low M2 behavior, but this simple analysis shows that if
the experiments could push down the M2 reach of the
events, they would gain discriminatory power.
We do not include a plot for M1 because in all sce-

narios, it looks similar with a large peak at MZ that has
width of ΓZ . The M1 distribution does, however, provide
some discrimination power in that the number of events
well below MZ differs for our three different scenarios.
For example, in the ah scenario, 70% of the events will
lie more than 2ΓZ away from MZ , while the correspond-
ing fraction for as (aZγ) is 64% (84%). The majority of
these non-resonant events have M1 < MZ .
If the four lepton events are dominated by aZγ , then

there should also be decays to on-shell photons. It has
been pointed out that searching for the Higgs in decays
to Zγ is a promising channel [52]. While there is as yet
no direct limit in this channel, [3] uses the measurement
of the Zγ cross section to place a limit on the ratio of the
Zγ mode to the four lepton mode to be about 40. Given
this, we take the Zγ mode to be an unlikely possibility,
but we still believe in checking the data to see if it can
be directly excluded.
In order to compare to experiment, we also generate

Monte Carlo (MC) events. We use the Johns Hopkins
MC described in [35] to simulate ah and as, and Mad-
graph 5 [53] for aZγ . We generate gg → φ → 4ℓ events
where ℓ = e, µ at the LHC with

√
s = 8 TeV. Gluon

fusion is the dominant mode of Higgs production at the
LHC [54]. Since our variables are mostly sensitive to de-
cay and not production, the errors introduced by ignor-
ing sub-dominant production modes will be small. We
require our events to contain four charged leptons (e or
µ) with

• pT > 10 GeV

• |η| < 2.5

• 50GeV < M1 < 110GeV

• M2 > 15 GeV,

which roughly mimics the experimental selection criteria
in [27, 28]. Histograms for the distinguishing kinematic
variables from generated events are overlaid on the ana-
lytic results in Figs. 2 and 3. Because the experimental
resolution for energy and direction of leptons is so pre-
cise, we do not apply any smearing to the events. While
a truly realistic study will need to take into account ex-
perimental reality, we here see how far the experiments
could get with just the geometric cuts above.
In Fig. 2, we plot the cos θ1 and cos θ2 distributions for

1000 generated Monte Carlo events which pass the above
cuts. We compare it to the theoretical distribution which
is the same for the two angles. We see that the cuts have
limited effect on cos θ1, but the rate for cos θ2 ∼ ±1 is
suppressed. This is because in that configuration, one
of the leptons is nearly aligned with the boost direction
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The top two panels in Fig. 1 show that the angular
distributions, particularly that of cos θ provide good dis-
criminating power between a Higgs-like scenario ah, and
the two non-Higgs-like possibilities. The third plot shows
that the M2 distribution is different for all three scenar-
ios, and the difference is even more pronounced for small
values of M2. This can be seen from the following simple
analysis. For ah, the matrix element goes to a constant as
M2 → 0, and a phase space factor of M2dM2 makes the
rate go to zero. For as, the matrix element goes as M2

for small M2 because of the derivative in the operator,
so dΓ falls as M3

2 . Finally, for aZγ , the matrix element
goes as 1/M2 because the photon propagator in the de-
nominator and the derivative in the numerator, and thus

the rate goes as 1/M2. As we will see below, realistic
detector cuts such as those on lepton pT will change this
low M2 behavior, but this simple analysis shows that if
the experiments could push down the M2 reach of the
events, they would gain discriminatory power.
We do not include a plot for M1 because in all sce-

narios, it looks similar with a large peak at MZ that has
width of ΓZ . The M1 distribution does, however, provide
some discrimination power in that the number of events
well below MZ differs for our three different scenarios.
For example, in the ah scenario, 70% of the events will
lie more than 2ΓZ away from MZ , while the correspond-
ing fraction for as (aZγ) is 64% (84%). The majority of
these non-resonant events have M1 < MZ .
If the four lepton events are dominated by aZγ , then

there should also be decays to on-shell photons. It has
been pointed out that searching for the Higgs in decays
to Zγ is a promising channel [52]. While there is as yet
no direct limit in this channel, [3] uses the measurement
of the Zγ cross section to place a limit on the ratio of the
Zγ mode to the four lepton mode to be about 40. Given
this, we take the Zγ mode to be an unlikely possibility,
but we still believe in checking the data to see if it can
be directly excluded.
In order to compare to experiment, we also generate

Monte Carlo (MC) events. We use the Johns Hopkins
MC described in [35] to simulate ah and as, and Mad-
graph 5 [53] for aZγ . We generate gg → φ → 4ℓ events
where ℓ = e, µ at the LHC with

√
s = 8 TeV. Gluon

fusion is the dominant mode of Higgs production at the
LHC [54]. Since our variables are mostly sensitive to de-
cay and not production, the errors introduced by ignor-
ing sub-dominant production modes will be small. We
require our events to contain four charged leptons (e or
µ) with

• pT > 10 GeV

• |η| < 2.5

• 50GeV < M1 < 110GeV

• M2 > 15 GeV,

which roughly mimics the experimental selection criteria
in [27, 28]. Histograms for the distinguishing kinematic
variables from generated events are overlaid on the ana-
lytic results in Figs. 2 and 3. Because the experimental
resolution for energy and direction of leptons is so pre-
cise, we do not apply any smearing to the events. While
a truly realistic study will need to take into account ex-
perimental reality, we here see how far the experiments
could get with just the geometric cuts above.
In Fig. 2, we plot the cos θ1 and cos θ2 distributions for

1000 generated Monte Carlo events which pass the above
cuts. We compare it to the theoretical distribution which
is the same for the two angles. We see that the cuts have
limited effect on cos θ1, but the rate for cos θ2 ∼ ±1 is
suppressed. This is because in that configuration, one
of the leptons is nearly aligned with the boost direction

DS, R. Vega-Morales, Phys.Rev.D.86, 
117504 (2012) [arXiv:1208.4840].

Study h ! 4e/4µ/2e2µ
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FIG. 4. Normalized distribution of our test statistic Λ when
ah is true on the right (blue), and when as is true on the
left (pink). Each histogram is the result of 5000 pseudo-
experiments with 50 events each. The vertical (green) line
is Λ̂ defined in Eq. (4) such that the area to the right of Λ̂
under the as histogram is equal to the area to the left of Λ̂
under the ah histogram. We also draw a Gaussian over each
histogram with the same median and standard deviation.

the correct hypothesis. For a simple hypothesis test, this
Gaussian approximation is often sufficient [56], and we
see from Fig. 4 that the Λ distributions are well approx-
imated by Gaussians.
This procedure is repeated many times for a range of

numbers of events N to obtain a significance as a func-
tion of N for each hypothesis. We show this for the case
where a1 = ah and a2 = as or a2 = aZγ in Fig. 5. We
see that with O(50) events, we can distinguish renormal-
izable from nonrenormalizable coupling to ZZ at 95%
confidence, and with O(100) events we can get a 99% ex-
clusion. The operator aZγ can be distinguished from ah
at 95% confidence with as few as 20 events. The third
possibility, which we do not show, is even easier; as and
aZγ can be distinguished from one another at 95% with
just 10 events.

IV. CONCLUSIONS AND OUTLOOK

Testing the properties of the newly discovered reso-
nance near 125 GeV is of utmost importance. While the
rate and branching ratio data are consistent with the new
particle being the Standard Model Higgs, direct tests of
its properties are still essential. In this paper we have
examined the discriminating power of events where the
new particle decays to four leptons. These events can be
used to measure the Lorentz transformation properties
of this particle, but even if it is confirmed to be a par-
ity even scalar, it still need not be the Higgs; it could
couple to the gauge bosons via higher dimensional oper-
ators rather than via the renormalizable operator in the
Standard Model.
We have analyzed how well kinematic distributions in
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FIG. 5. Expected significance as a function of number of
events in the case of ah vs as on top, and ah vs aZγ on bot-
tom. We use a different horizontal scale for the top and bot-
tom plots because far fewer events are needed to discriminate
ah from aZγ than from as. We also fit with a function pro-
portional to

√
N , which is the expected scaling. We mark the

σ value of 95% and 99% confidence level exclusion.

four lepton events can distinguish between different ten-
sor structures of the coupling to gauge bosons. In par-
ticular, we looked a coupling directly to ZµZµ, as well
as couplings to a pair of field strength tensors of the
Z, and a coupling to the field strength of the Z and
of the photon. All three scenarios will produce one lep-
ton pair near the Z pole, while the other pair will have
much lower invariant mass. We find that with O(50) sig-
nal events, a Higgs-like state can be discriminated from
ZZ field strength tensor couplings with 95% confidence,
while only 20 events are needed to make the same deter-
mination for field strength coupling to Zγ. This shows
that the 2012 LHC run has excellent prospects to con-
strain the tensor structure of the new state’s coupling to
gauge bosons.
While the four lepton final state is one of the most

powerful for discriminating different scenarios, it would
be interesting to look at kinematic variables in other final
states. For example, in the decay to WW ∗ where both
W ’s decay leptonically, the angles between the leptons
and the transverse angles with missing energy will pro-
vide discriminating power, though this channel is difficult
because of the large background. A search for decay to

Can construct test to 
distinguish different 
hypotheses. 
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FIG. 2. Normalized distribution for cos θ in the ah scenario.
The blue (solid) curve is the same as the theory curve from
Fig. 1, the red (dashed) histogram is the distribution for cos θ1
for 1000 Monte Carlo events, while the green (dot-dashed)
histogram is cos θ2 for the same events.
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FIG. 3. Normalized M2 distributions. The blue (solid) curve
is the theory prediction in the ah scenario, while the light
blue (dot-dashed) histogram is 1000 Monte Carlo events also
in the ah scenario. The red (dashed) histogram is 1000 events
in the as scenario.

needed to go to the lab frame from the Z2 rest frame,
and thus preforming that boost will reduce its energy
and make it less likely to pass the pT cut. This effect is
small for cos θ1 because the lepton energies in the Z1 rest
frame are much larger.
In Fig. 3, comparing the blue (solid) curve to the light-

blue (dot-dashed) histogram, we see that the experimen-
tal cuts reduce the event rate for small M2. Even after
these cuts, however, the histograms for ah and as still
differ, so the experimental cuts do not wash out the dis-
criminating power.

III. DISTINGUISHING OPERATORS

In order to estimate the ability of the LHC to discrim-
inate a Higgs-like scenario dominated by ah from other
scenarios, we employ a likelihood analysis of the gen-
erated events. We consider only signal events because

requiring the invariant mass of the four lepton system to
be near the mass of the new boson can make the signal to
background ratio significantly larger than one. Further-
more, reweighting techniques such as the one laid out
in [55] can be used to further purify the event selection.
We use a standard unbinned likelihood analysis which

is described in detail in [35]. We can use the computed
normalized differential cross section as a probability dis-
tribution P (Φ, θi,Mi|ai) for each operator ah, as, and
aZγ . The normalization is computed with the Mi cuts
described above because they are independent of Lorentz
frame. Taking the pT and η acceptance into account in
P would improve the statistical power of the test, but
because those cuts are frame-dependent, we leave that to
further work.
Given a sample of N events, we can then construct a

likelihood L(ai) =
∏N

j=1
Pj(ai). With this likelihood we

can then compare two different scenarios, a1 and a2 by
constructing a hypothesis test with test statistic defined
by [56]

Λ = 2 log[L(a1)/L(a2)]. (3)

Since we are taking the resonance mass as input and us-
ing the normalized differential cross sections to construct
our likelihood functions, there are no free parameters
(nuisance parameters) in this ratio, making this a simple
hypothesis test.
To estimate the expected significance of discriminating

between two different hypotheses corresponding to two
different operators, we follow a similar analysis to that
found in [35]. To begin, we take one hypothesis as true,
say a1 and generate a fixed number N of a1 events. We
then construct Λ as above for a large number of pseudo-
experiments each containing N events in order to obtain
a distribution for Λ. We then repeat this exercise tak-
ing a2 to be true and again obtain a distribution for Λ.
These two distributions are shown in Fig. 4 comparing
ah and as. This figure shows 5000 pseudo-experiments of
50 events each, which shows a clear separation between
the two scenarios.
With the two distributions for Λ in hand we can com-

pute an approximate significance by the following proce-
dure. If we denote the distribution with negative mean
as f and the distribution with positive mean as g, we find
a value Λ̂ such that

∫

∞

Λ̂

fdx =

∫ Λ̂

−∞

gdx. (4)

Schematically, this value of Λ̂ corresponds to a value such
that if the experiment observed that value for the test
statistic, it would have no discriminatory power between
the two scenarios. We then interpret the probability
given by either side of Eq. (4) as a one sided Gaussian
probability, which can then be interpreted in terms of
number of σ. This procedure is shown schematically in
Fig. 4 with the areas of the two shaded regions being
equal and corresponding to the probability of excluding

DS, R. Vega-Morales,  
Phys.Rev.D.86, 117504 (2012)  
[arXiv:1208.4840].

Example for 50 events:
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Figure 4: Values of the best-fit s/sSM for the overall combined analysis (solid vertical line) and
separate combinations grouped by production mode tag, predominant decay mode, or both.
The s/sSM ratio denotes the production cross section times the relevant branching fractions,
relative to the SM expectation. The vertical band shows the overall s/sSM uncertainty. The
horizontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values
for the individual combinations; these bars include both statistical and systematic uncertainties.
(Top left) Combinations grouped by analysis tags targeting individual production mechanisms;
the excess in the ttH-tagged combination is largely driven by the ttH-tagged H ! gg and
H ! WW channels as can be seen in the bottom panel. (Top right) Combinations grouped by
predominant decay mode. (Bottom) Combinations grouped by predominant decay mode and
additional tags targeting a particular production mechanism.
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The s/sSM ratio denotes the production cross section times the relevant branching fractions,
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(Top left) Combinations grouped by analysis tags targeting individual production mechanisms;
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ARE WE DONE?

20

All Standard Model parameters are now known.  
Are we just left with measuring them more precisely?

NO! The SM cannot explain:

• Dark Matter

• Matter antimatter asymmetry of the universe

• Neutrino mass

• Inflation

• Unification of forces

• Unknown unknowns?
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22

Dinky little magnet 
can overcome force of 
entire earth! 
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Balance: $74

$829,375,293 - $829,375,219
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We can calculate everything in this picture.
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Do we have to worry about vibration of 
atoms in the ball? Rotation of the 
earth? 

No…physics of different length scales 
decouple.  

Size of effect  
✓

Rball

Rearth

◆✓
R

atom

R
ball

◆
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26

Electron has classical self energy.

Eself ⇠
1

4⇡✏0

e2

re
e�

Energy (mass) is sensitive to short distance (high energy).

Problem for r < 4 fm, well above current maximum size.

me c
2 ⇠ m0 c

2 + Eself
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e�
e+
e�

e+ e�

e�
e+

At high energy, start to see  
electron-positron pairs.

Only log-sensitive to actual radius.

New particle (positron) comes in  
and saves separation of scales.

Eself ⇠
e2

4⇡✏0

mec

~ log

⇣mec re
~

⌘
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Higgs self-energy sensitive to high energy scale.

Eself ⇠
y

2⇡
⇤

relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)

hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:

δm2
hu

= −
3y2t
4π2

m2
t̃ ln

(

ΛUV

mt̃

)

(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.

hu hu

h̃u

W̃

W

huhu hu hu hu

W hu

huhu

FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)

11

High energy 
scale
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High energy 
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Higgs self-energy sensitive to high energy scale.

Standard Model violates decoupling principle: 
hierarchy problem.
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Adding new particles can cancel sensitivity (to a log).

relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)
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The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)

11

Particle has to have same gauge quantum  
numbers and coupling to the Higgs.

Eself ⇠
y

2⇡
mt log(⇤/mt)
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SUPERSYMMETRY

30

New spacetime 
symmetry: 

Can help with dark 
matter and unification 
of forces. 

Double particle 
content: many 
potential signatures. 

Most important 
for naturalness
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5

TABLE II. Number of events passing a given cut with 5 fb−1 luminosity at 7 TeV. The LSP is assumed to be massless.

Process Pre-cut E̸T > 175 GeV 1 top-tag b-tag mT2 > 200 GeV mT > 200 GeV

t̃t̃∗ (340 GeV) 688 327 109 50 32 26

t̃t̃∗ (440 GeV) 150 112 42 20 16 14

t̃t̃∗ (540 GeV) 39 33 13 7 6 6

tt̄+ jets 12.5 × 103 872 248 110 28 18

Single top + jets 1.56 × 103 611 145 23 8 6

V + bb̄+ jets 906 169 < 1 < 1 ≪ 1 ≪ 1

V + jets 9.01 × 103 2.34× 103 166 6 3 2

Total Background 23.9 × 103 3.98× 103 559 140 39 27

 (GeV)jM
0 50 100 150 200 250 300 350 400 450 500

-1
 (2

0 
G

eV
)

dMdN

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0 *t~t~

 + jetstt
Single top + jets
V+jets

+jetsbV+b

FIG. 4. Same as Fig. 3 but with (mt̃,mχ) =
(340 GeV, 100 GeV).
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FIG. 5. Significance of excess computed by counting events
in mj2 ∈ [150 GeV, 230 GeV] and assuming a Poisson Distri-
bution. This is for

√
s = 7 TeV and L = 5 fb−1.

rent data. The same data set can also exclude stops up
to about 440 GeV.
Looking forward, we can repeat the analysis for a hypo-

thetical 2012 data set with
√
s = 8 TeV and L = 20 fb−1.

In Fig. 6, we see that even for larger stop and neutralino
masses, this data set is enough to see a dramatic signal.
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FIG. 6. Same distribution as Figs. 3 and 4, but now
with

√
s = 8 TeV, L = 20 fb−1, and (mt̃,mχ) =

(440 GeV, 100 GeV)

FIG. 7. Same as Fig. 5 but with
√
s = 8 TeV and L = 20 fb−1.

Boxes with significance ≥ 8 all have the same color.

We estimate the reach using the same procedure as for
7 TeV without combining 7 and 8 TeV data sets, and
our results are shown in Fig. 7. As expected, the reach
improves significantly, and much of the parameter region
up to 600 GeV can be covered.
Our work does not take into account systematic errors

L = 20 fb�1

D. Kaplan, K. Rehermann, 
DS, JHEP 1207 (2012) 119  
[arXiv:1205.5816].

Proposed novel way 
to search for stops.
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No discovery, but our method placed strong bounds.
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How fast do stars 
rotate around center 
of a galaxy?
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Too fast!

Zwicky ‘33

Rubin ‘70
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Galaxy surrounded by other 
matter whose gravity holds 
stars in. 
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Lots of evidence for dark matter now. 
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WHAT IS IT?

38

What do we know about 

dark matter?

• Dark (no electric charge).

• No strong charge  
(not neutron-like).

• Cold.

• Much more than visible 

matter.
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LETS BUILD A MODEL

39

No known particles  
can be DM. 

Supersymmetry is 
interesting, and it  
has a candidate.  

How do we test this 
model?

Could be dark 
matter.
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Ordinary stuff. Dark matter. 

Ordinary stuff.

Dark matter. 
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Ordinary stuff. Dark matter. 

Ordinary stuff.

Dark matter. 

How do you find something invisible?
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Use conservation of momentum!
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Theorists job to 
assess and 
compare different 
methods to probe 
DM.  

What if there is an 
inconsistency? 
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DAMA/LIBRA experiment sees 
signal for dark matter.  
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Signal is completely 
inconsistent with many 
other experiments.  

What if dark matter is 
non-standard? 
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