
The Need for Future 
Colliders

Tim M.P.  Tait
University of California, Irvine

FPCP 2019
May 10, 2019



The State of the SM
• The Higgs boson was the last 

missing ingredient in the Standard 
Model of particle physics.

• Its discovery was an amazing 
triumph of accelerator and 
detector design and operation, 
experimental search technique, 
and theoretical prediction.

• The Higgs is the remnant of the 
construction which preserves the 
gauge invariance that is necessary 
to have a consistent description of 
the electroweak interactions while 
allowing for massive particles.



UV Complete
• The Higgs `UV completed’ the Standard 

Model.

• Without it, the scattering of the weak 
force carriers grows with energy, and 
eventually becomes inconsistent with 
quantum mechanics because the 
probability of scattering (“something 
happening”) grows larger than 100%.

• That is a clear sign that something is 
missing, and it tells us that the SM 
without the Higgs cannot be the whole 
story up to arbitrarily high energies.

• With the Higgs included, the rate of 
scattering drops at high energies, giving 
us a ‘complete theory in the ultra-violet.’
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125 GeV is the right place
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6_had(mZ)6_(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
KZ [GeV]KZ [GeV] 2.4952 ± 0.0023 2.4959
mhad [nb]m0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Po)Al(Po) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2eeffsin2elept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
KW [GeV]KW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26
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• Precision measurements of the 
properties of Z bosons by LEP were 
sensitive to virtual Higgs bosons, and as a 
result depended weakly on its mass.

• The combined data favored a Higgs mass 
between about 50 and 150 GeV.



Too Much Success?
• The extraordinary success of the Standard Model actually makes me kind of 

uncomfortable.

• Up until now, we knew that there had to be something missing at the TeV 
energy scale, because we knew that the weak boson scattering amplitudes 
became too large at that energy.

• Now we have that missing ingredient in hand.  Our theories could 
potentially work all the way until the Planck scale (where quantum 
gravity becomes important).

• For the first time since we have had a modern understanding of the three 
fundamental forces contained in the Standard Model, we have a theory 
which doesn’t seem to have any internal tension up to extremely high 
energies, well beyond the reach of our most ambitious experiments. 

• Is particle physics over?



Some Historical Perspective
• The situation reminds me of a somewhat analogous chapter of history.

• At the beginning of the 20th century, Lord Kelvin addressed the British 
Association for the Advancement of Science:

• Kelvin observed that almost all of the physical phenomena of his time could 
be described by Newton’s laws (including gravitation) and classical 
Electromagnetism.

• Two experimental results (“clouds”) famously did not quite fit in.

“The beauty and clearness of the dynamical theory, which asserts heat 
and light to be modes of motion, is at present obscured by two clouds. I. The 
first came into existence with the undulatory theory of light, and was dealt 
with by Fresnel and Dr Thomas Young; it involved the question, How could 
the  earth  move  through  an  elastic  solid,  such  as  essentially  is  the 
luminiferous  ether?  II.  The  second  is  the  Maxwell-Boltzmann  doctrine 
regarding the partition of energy.”

--William Thomson,    April 27,   1900



Kelvin’s Clouds
• Kelvin’s two clouds were what seemed 

like an inconsistency in the properties of 
the luminiferous ether (through which 
EM waves supposedly propagated) and 
the observed spectrum of thermal 
radiation from a blackbody.

• Today we know that the first was a hint 
leading to Einstein’s special relativity.

• The second was an initial manifestation 
of quantum mechanics.

• Both of these “small” hints that we did 
not quite have the whole picture 
eventually grew to redefine and subsume 
everything that we thought we knew.

Aspen, Colorado



So What Clouds Do We See?

Corona Del Mar, California



Accelerating Universe
• Looking at larger scales, the Universe 

contains big surprises.

• Cosmological arguments based on the 
flatness of the Universe and the 
uniformity of the CMB argue that at 
early times, the Universe went through a 
period of inflation.

• Observations today from supernovae 
and the cosmic microwave background 
indicate that a large fraction of the 
Universe is in the form of dark energy, 
causing its expansion to accelerate.

• We don’t know if this represents 
something static like a cosmological 
constant, or some kind of dynamically 
evolving quantity.
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Figure 4. Hubble diagram for the Union2.1 compilation. The solid line represents the best-fit cosmology for a flat ΛCDM Universe for supernovae alone.
SN SCP06U4 falls outside the allowed x1 range and is excluded from the current analysis. When fit with a newer version of SALT2, this supernova passes the
cut and would be included, so we plot it on the Hubble diagram, but with a red triangle symbol.

Table 4
Assumed instrumental uncertainties for SNe in this paper.

Source Band Uncertainty Reference

HST WFPC2 0.02 Heyer et al. (2004)
ACS F850LP 0.01 Bohlin (2007)
ACS F775W 0.01
ACS F606W 0.01
ACS F850LP 94 Å Bohlin (2007)
ACS F775W 57 Å
ACS F606W 27 Å
NICMOS J 0.024 Ripoche et. al. (in prep), Section 3.2.1
NICMOS H 0.06 de Jong et al. (2006)

SNLS g, r, i 0.01 Astier et al. (2006)
z 0.03

ESSENCE R, I 0.014 Wood-Vasey et al. (2007)
SDSS u 0.014 Kessler et al. (2009)

g, r, i 0.009
z 0.010

SCP: Amanullah et al. (2010) R, I 0.03 Amanullah et al. (2010)
J 0.02

Other U -band 0.04 Hicken et al. (2009a)
Other Band 0.02 Hicken et al. (2009a)
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Figure 5. ΛCDM model: 68.3%, 95.4%, and 99.7% confidence regions of the (Ωm,ΩΛ) plane from SNe Ia combined with the constraints from BAO and
CMB. The left panel shows the SN Ia confidence region only including statistical errors while the right panel shows the SN Ia confidence region with both
statistical and systematic errors.

Figure 6. wCDM model: 68.3%, 95.4%, and 99.7% confidence regions in the (Ωm, w) plane from SNe Ia BAO and CMB. The left panel shows the SN Ia
confidence region for statistical uncertainties only, while the right panel shows the confidence region including both statistical and systematic uncertainties. We
note that CMB and SN Ia constraints are orthogonal, making this combination of cosmological probes very powerful for investigating the nature of dark energy.

1105.3470



Dark Matter
• Dark energy is not the only dark 

component of the Universe.

• A wide range of evidence indicates most 
of the matter in the Universe is some 
kind of non-baryonic massive particle.

• Rotation curves/Motion in clusters

• Power spectrum of the CMB

• Distribution of large scale structure

• Nothing in the SM has the right 
properties to explain the observations, 
arguing for the need for some kind of 
new particle in the theory.

• But what particle?  What are its mass 
and spin?  Is it weak-charged?  Does it 
have a notion of flavor?!

1303.5076Planck Collaboration: Cosmological parameters
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Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of H0) partially breaks the geometric degen-
eracy between ⌦m and ⌦⇤ due to the e↵ect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-
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Baryon Asymmetry
• Even the visible sector of the 

Universe argues that the Standard 
Model is incomplete.

• Our Universe is made out of matter, 
and not anti-matter.  This is evident 
from a host of observations, including:

• Cosmic rays

• Abundances of light primordial 
elements.

• CMB

• The need for inflation argues that this 
is unlikely to be an initial condition of 
the Universe.

PDG

23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted
by the standard model of Big-Bang nucleosynthesis — the bands show the 95%
CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D+4He concordance range (both at 95% CL).

predictions and thus in the key reaction cross sections. For example, it has been suggested
[31,32] that d(p, γ)3He measurements may suffer from systematic errors and be inferior to

June 5, 2018 19:56

ηB ≡
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Sakharov Conditions

1.  B Violation: If we can’t generate baryon number (“B”) 
through some process, we are dead in the water.

2.  C and CP Violation: Essentially, if we don’t violate C and 
CP,  the sum of all baryon-violating processes will still result 
in no net baryon number.

3.  Out of Equilibrium: If the processes which violate B are 
in equilibrium, the reverse processes will cancel out the B 
generated.

Generating a baryon asymmetry from a baryon symmetric starting point 
requires very particular physics:



Flavor and Neutrino Masses
• The SM has three generations of fermions, 

each with two quarks and two leptons.

• There is a huge variation in the masses of the 
fermions, ranging over many orders of 
magnitude and mixing to different degrees.

• So why are there three generations?  What 
decided the pattern of masses we see and 
how much they mix?

• A related question is : why does the strong 
force seem to conserve CP? Is this a hint we 
need a PQ symmetry and axions?

• If there is some kind of dynamics that 
controls flavor, it may reveal itself as an 
unexpected kind of flavor violation not 
captured by the SM’s description of mixing.

Neutrino masses are 
particularly mysterious -- the 
SM predicts that they should 
be zero!  When we modify it  

to allow for them, we find two 
solutions which differ as to 
whether neutrinos are their 

own anti-particles : which one 
is correct?



Sydney, Nova Scotia

More Clouds than Sky?



The Role of Accelerators
• It’s fair to say that the bulk of our 

understanding of the Standard Model has 
been the result of analyzing data from 
accelerators.

• Accelerators offer a tightly controlled, 
usually well understood initial state.

• By converting energy into mass, 
accelerators will produce any new 
particles whose masses are kinematically 
accessible and with sufficiently large 
couplings.

• Even if we don’t know that they are 
there!

• That makes them a good place to look 
for the unknown and unexpected. Time
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More Clouds than Sky?

Information from Accelerators?!

Sydney, Nova Scotia



Higgs Properties
• An important contribution we can 

expect from future colliders is to 
precisely measure the properties 
of the Higgs.

• The LHC already has produced 
many Higgs bosons, and running 
with high luminosity it will produce 
many more in a variety of channels, 
and observe a large number of its 
decay modes.

• The LHC has measured many 
important quantities to ~10% or 
so.

24%
CMSAHIGA17A031%

(Similar results from ATLAS)
(See also the talk by Demers yesterday)



Hadrons @ 27 TeV
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Figure 1: Result from the global Higgs analysis in terms of coupling modifiers or non-linearly
realized electroweak symmetry breaking. All limits are shown as profiled over all other cou-
plings.

2 Global Higgs analysis

Historically [33,39,40], new physics e↵ects on the SM-like Higgs couplings have been param-
eterized as coupling modifiers

gx = g
SM
x (1 +�x)

gg,� = g
SM
g,� (1 +�SM

g,� +�g,�) ⌘ g
SM
g,� (1 +�SM+NP

g,� ) , (1)

where the �x can be directly translated into the experimentally used  notation

x = (1 +�x) (2)

⇤Many aspects of our 27 TeV study are described in detail in these 8 TeV legacy papers [12, 32], including
a validation of the 8 TeV results. The SFitter error treatment is discussed in Ref. [33].

production [%] decay [%]

GF 10.2 WW 2.63
qqH 3.0 ZZ 2.63
WH 3.2 �� 3.31
ZH 5.7 bb̄ 2.17
tt̄H 12.8 Z� 7.33
HH 18. ⌧⌧ 2.78

Table 1: Relative theory uncertainties for the di↵erent production and decay channels con-
tributing to the global analysis. The numbers correspond to those quoted in Ref. [38].

3



Lepton Colliders
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Figure 52: Precision of the Higgs couplings extracted in the linear and circular baseline scenarios using the current theoretical errors and
assuming negligible theory errors. We also show results assuming a staged low-energy operation of the ILC and the impact of the W -fusion
process by restricting the FCCee measurements to Zh production. We assume that the total Higgs width is constructed from all observed
partial widths. Figure taken from Ref. [560].

Improving on studies based on Higgs coupling strength modifiers, the most generic Higgs coupling modifications from
integrated-out UV states at both the LHC and e+e� colliders should be analyzed in terms of an e�ective field theory approach.
The corresponding frameworks are discussed in Sec. A 7. This introduces new interactions and thereby breaks the naive
correlations between di�erent production modes at di�erent energies expressed in the kappa framework. This has profound
consequences [547–549, 561–563] for the Higgs coupling extractions as can be seen from Fig. 53.

The presence of di�erent Lorentz structures in the EFT framework induces momentum dependencies in the Higgs interac-
tions [305, 312]. This means that there is a gain in information when pushing lepton colliders to larger energy due to the
energy-dependent cross section enhancements. This is clearly shown for the cZ⇤ direction ⇠ Zµ@⌫Zµ⌫ , which is not directly
related to Higgs physics but demonstrates clearly the impact of energy coverage. In addition, the polarization at the ILC can be
used to obtain an increased number of observables (relative to an unpolarized e+e� collider), potentially yielding precisions on
EFT couplings at the sub-percent level [563].

One particular coupling that is expected to be only poorly constrained at the LHC even when considering large luminosities is
the Higgs self coupling. Lepton colliders close this gap at least partially. Direct sensitivity to the Higgs self-interactions requires
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Higgs Self-Coupling
• One particular quantity of dramatic 

importance is the Higgs self-
interaction.

• Modifications from the Standard 
Model impact the Higgs potential, 
and thus the cosmological transition 
from the electroweak symmetric to 
broken phases.

• If this phase transition is involved in 
baryogenesis, it should be modified 
from the SM prediction that it is a 
cross-over to one providing the 
out-of-equilibrium condition.

• Higgs pair production is a powerful 
test of modifications to these 
couplings.

Baryogenesis 31

determined by the behavior of the Higgs potential at finite temperature, as shown

in figure 10. In a first order transition, the potential develops a bump which sep-

arates the symmetric and broken phases, while in a second order transition or a

smooth cross-over there is no bump, merely a change in sign of the curvature of

the potential at H = 0. The critical temperature Tc is defined to be the tem-

perature at which the two minima are degenerate in the first order case, or the

temperature at which V ′′(0) = 0 in the second order case.

V

H

T>Tc

T=Tc

T<Tc

V
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T=Tc

Fig. 10. Schematic illustration of Higgs potential evolution with temperature for first (left) and second

(right) order phase transition.

A first order transition proceeds by bubble nucleation (fig. 11), where inside

the bubbles the Higgs VEV and particle masses are nonzero, while they are still

vanishing in the exterior symmetric phase. The bubbles expand to eventually

collide and fill all of space. If the Higgs VEV v is large enough inside the bub-
bles, sphalerons can be out of equilibrium in the interior regions, while still in

equilibrium outside of the bubbles. A rough analogy to GUT baryogenesis is that

sphalerons outside the bubbles correspond to B-violating Y boson decays, which

are fast, while sphalerons inside the bubbles are like the B-violating inverse Y de-

cays. The latter should be slow; otherwise they will relax the baryon asymmetry

back to zero.

In a second order EWPT, even though the sphalerons go from being in equi-

librium to out of equilibrium, they do so in a continuous way, and uniformly

throughout space. To see why the difference between these two situations is im-

portant, we can sketch the basic mechanism of electroweak baryogenesis, due to

Cohen, Kaplan and Nelson [32]. The situation is illustrated in figure 12, which

portrays a section of a bubble wall moving to the right. Because of CP-violating

interactions in the bubble wall, we get different amounts of quantum mechanical

reflection of right- and left-handed quarks (or of quarks and antiquarks). This

leads to a chiral asymmetry in the vicinity of the wall. There is an excess of
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Higgs Self-Coupling
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The asymmetric limits on fB give us some insight into the structure of the e↵ective the-
ory. This operator is largely constrained through V H production at high momentum transfer,
specifically the p

V

T
distributions from Tab. 2. In its highest available bins we probe sizeable

ratios pT /⇤, but with sizeable statistical uncertainties. If we include the dimension-6 squared
terms a second solution predicting the same event count within the statistical uncertainties
appears for fB/⇤ > 0. For this second solution the squared term compensates a small de-
structive interference with the SM contribution. Because the precise position of this secondary
solution di↵ers for di↵erent values of pT,V , it induces a slightly asymmetric measurement of
fB/⇤. Note that a visible dimension-6-squared term in a specific observable does by no means
signal the breakdown of the e↵ective Lagrangian [54]. The validity of an e↵ective field theory
representing classes of underlying UV-complete models can only be judged once we identify
on-shell contributions of the new particles [55]. Second, truncating the expansion of our ob-
servables after the linear term in f/⇤2 would lead to a symmetric and more narrow likelihood
distribution and underestimate of the errors. In general, we do not include uncertainties on
the EFT framework in our global analysis, as we consider them to be uncertainties on the
matching and interpretation of our results in terms of a UV complete model [56, 57].

4 Higgs self-interaction

An enhanced Higgs self-coupling as a simple modification of the SM Higgs potential is es-
pecially interesting for example in relation to vacuum stability and baryogenesis [29, 30].
Including it in our global Higgs analysis is a significant improvement as compared to the
Run I legacy analysis [32]. It is made possible by the fact that a 27 TeV collider with a large
integrated luminosity will allow for a dedicated measurement of the Higgs self-coupling. The
self-coupling with its unique relation to the Higgs potential is not yet included in most global
analyses of SM-like Higgs couplings because of the modest reach of the LHC. However, for a
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…rests on the measurement of the top mass…



CP Violation in B Mesons

…could drive the baryon asymmetry of the Universe!
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16

And now we can clearly compare the decay and annihi-
lation rates:

�nB�B

�n
2

B
h�vi =

�2

B

�� h�vi n�(t)
(45)

where in the last step we have assumed that the � field
does not completely dominate the Universe so that we
can use t ⇠ 1/(2H). When solving numerically for �
number density we found that even with an annihila-
tion cross section of h�vi = 10 mb, the decay rate over-
comes the annihilation rate for T & 100 MeV even for
�� = 10�21 GeV. Thus, for practical purposes it is safe
to ignore the e↵ect of annihilations in the Boltzmann
equation (16).

3. Dark Cross Sections

Here we list the dark sector cross sections to lowest
order in velocity v that result from the interaction (5):

��?�!⇠⇠ =
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d
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4. B meson decay operators

Here we categorize the lightest final states for all the
quark combinations that allow for B mesons to decay into
a visible baryon plus dark matter. Note that the mass
di↵erence between final an initial state will give an upper
bound on the dark Dirac baryon  . In MeV units, the
masses of the di↵erent hadrons read: mBd = 5279.63,
mBs = 5366.89, mB+ = 5279.32, m�0

c
= 2471.87,

m
�

+
c

= 2468.96, mp = 938.27, mn = 939.56, m⇤ =
1115.68, m�+ = 1189.37, m�0 = 1314.86, m�c = 2695.2,
m⇤c = 2286.46 and m⇡� = 139.57. The corresponding
final state and mass di↵erences are summarized in Ta-
ble III.
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Baryogenesis 

Dark Matter

& 

⇤

FIG. 1. Summary of our mechanism for generating the baryon asymmetry and DM relic abundance. b-quarks and anti-quarks
are produced during a late era in the history of the early Universe, namely TRH ⇠ O(10 MeV), and hadronize into charged and
neutral B-mesons. The neutral B0 and B̄0 mesons quickly undergo CPV oscillations before decaying out of thermal equilibrium
into visible baryons, dark sector scalar baryons � and dark Majorana fermions ⇠. Total Baryon number is conserved and the
dark sector therefore carries anti-baryon number. The mechanism requires of a positive leptonic asymmetry in B-meson decays
(Aq

``
), and the existence of a new decay of B-mesons into a baryon and missing energy. Both these observables are testable at

current and upcoming collider experiments.

We will show that the CPV required for Baryogenesis is
directly related to an experimental observable in neutral
B meson decays – the leptonic charge asymmetry A

q

``
.

Schematically,

YB /
X

q=s,d

A
q

``
⇥ Br(B0

q
! � ⇠ + Baryon + X) , (1)

where we sum over contributions from both B
0
s

= |b̄ si
and B

0

d
= |b̄ di, and Br(B0

q
! �⇠ + Baryon + X) is the

branching fraction of a B meson into a baryon and DM
(plus additional mesons X). Note that a positive value of
A

q

``
will be required to generate the asymmetry. Given a

model, the charge asymmetry can be directly computed
from the parameters of the B

0
q

oscillation system (for in-
stance see [4, 15] for reviews), and as such it is directly
related to the CPV in the system. Meanwhile, A

q

``
is

experimentally extracted from a combination of various
analysis of LHCb and B-factories by examining the asym-
metry in various B

0
q

decays [4].

The SM predictions for A
d

``
and A

s

``
[15, 16] are re-

spectively a factor of 5 and 100 smaller than the cur-
rent constraints on the leptonic asymmetry. Therefore,
there is room for new physics to modify A

d, s

``
. We will

see that since generating the baryon asymmetry in our
set-up requires a positive charge asymmetry, there is a
region of parameter space where we can get enough CPV
from the SM prediction (which is positive) of A

s

``
alone

to get YB ⇠ 10�10 (provided A
d

``
= 0). However, gener-

ically the rest of our parameter space will assume new
physics. Note that there are many BSM models that al-
low for a substantial enlargement of the leptonic asymme-
tries of both B

0

d
and B

0
s

systems over the SM values (see
e.g. [15, 17] and references therein). Note that the flavor-
ful models invoked to explain the recent B-anomalies also
induce sizable mixing in the Bs system (see e.g. [18–21]).

We summarize the key components of our set-up which
will be further elaborated upon in the following sections:

• A heavy scalar particle � late decays out of thermal
equilibrium to b quarks and anti-quarks.

• Since temperatures are low, a large fraction of these
b quarks will then hadronize into B mesons and anti-
mesons.

• The neutral mesons undergo CP violating oscillations.

• B mesons decay into into the dark sector via an e↵ec-
tive �B = 0 operator. This is achieved by assuming
DM carries baryon number. In this way total baryon
number is conserved.

• Dark matter is assumed to be stabilized under a dis-
crete Z2 symmetry, and proton and dinucleon decay
are simply forbidden by kinematics.

Our set up is illustrated in Figure 1, and the details of a
model that can generate such a process will be discussed
below. This paper is organized as follows: in Section II
we introduce a model that illustrates our mechanism for
Baryogenesis and DM generation, this is accompanied by
a discussion of the unique way in which this set-up re-
alizes the Sakharov conditions. Next, in Section III we
analyze the visible baryon asymmetry and DM produc-
tion in the early Universe, by solving a set of Boltzmann
equations, while remaining as agnostic as possible about
the details of the dark sector. Our main results will be
presented here. Next, in Section IV we discuss the var-
ious possible searches that could probe our model, and
elaborate upon the collider, direct detection, and cos-
mological considerations that constrain our model. In
Section V we outline the various possible dark sector dy-
namics. We conclude in Section VI.
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FIG. 4. Left panel: required value of Ad

`` ⇥ Br(B ! ⇠� + Baryon) assuming As

`` = 0 to obtain YB = 8.7 ⇥ 10�11. Right panel:

Required value of As

`` ⇥ Br(B ! ⇠� + Baryon) assuming Ad

`` = 0 to obtain YB = 8.7 ⇥ 10�11. The blue region is excluded
by a combination of constraints on the leptonic asymmetry and the branching ratio [4]. The lower bound (red region) comes
from requiring the late � decays to not spoil the measured e↵ective number of neutrino species from CMB and the measured
primordial nuclei abundances [43].

entropy density and ⇢c is the critical density). In Fig-
ure 3 we display the results (the comoving number den-
sity of the various components) of numerically solving the
Boltzmann equations for two sample benchmark points
that reproduce the observed DM abundance and baryon
asymmetry.

Consider the plot on the right panel of Figure 3, which
corresponds to the case where DM is composed of � and
�

⇤ particles. We can understand the behavior of the
particle yields as follows: � particles start to decay at
T ⇠ 50 MeV, thereby increasing the abundance of the
dark particles ⇠ and � + �

⇤ until T ⇠ 10 MeV at which
point � decay completes (as it must, so that the predic-
tions of BBN are preserved). The dip in the dark particle
yields at lower temperatures is the necessary e↵ect of the
additional annihilations – which reduce the yield to re-
produce to the observed DM abundance. Meanwhile, the
asymmetric component Y� � Y�⇤ is only generated for
T . 30 MeV, as it is only then that the B

0
s

CPV oscil-
lations are active in the early Universe. The decrease in
the asymmetric component at T ⇠ 10 MeV is due to the
negative contribution of the B

0

d
decays, since in this case

the leptonic asymmetry is chosen to be negative. Note
that for the case in which the DM is mostly composed of
� and �

⇤ particles the observed baryon asymmetry and
DM abundance imply an asymmetry of

Y� � Y
⇤
�

Y� + Y
⇤
�

=
⌦bh

2

⌦DMh2

m�

mp

' 1

5.36

m�

mp

. (21)

The plot in the left panel of Figure 3 corresponds to
the case where DM is mostly comprised of ⇠ particles.
In this case the evolution of the dark particles is rather
similar. Here we have chosen A

d

``
= A

s

``
> 0, so that the

asymmetric component gets two positive contributions
at T . 30 MeV from both B

0

d
and B

0
s

CPV oscillations.
While at T ⇠ 15 MeV the change in behavior of the yield

curve corresponds to the contribution from the B
0

d
os-

cillations – given that the Bs oscillation time scale is 20
times smaller than the Bd one, and the Bs contribution
it is active at higher temperatures.

The Baryon Asymmetry

In order to make quantitative statements, beyond the
benchmark examples discussed above, we have explored
the parameter space outlined in Table II and mapped out
the regions that reproduce the observed baryon asymme-
try of the Universe. From Equation (16), we see the
baryon asymmetry depends on the product of the lep-
tonic asymmetry times branching fraction (with contri-
butions from both B

0

d
and B

0
s

mesons), as well as the �
mass and width. The result of this interplay is displayed
in Figure 3, where the contours correspond to the value
the product of A

q

``
⇥ Br(B0

s
! �⇠ + Baryon + X) needed

to reproduce the asymmetry YB = 8.7⇥10�11 for a given
point in (m�, ��) space. For simplicity, the left and right
panels show the e↵ects of considering either the B

0

d
or the

B
0
s

contributions but generically both will contribute.
While the entire parameter space in Figure 4 is allowed

by the range of uncertainty in the experimentally mea-
sured values of A

q

``
, our range of prediction is further

constrained. In particular, the blue region in Figure 4
is excluded by a combination of constraints on the lep-
tonic asymmetry and the branching ratio [4] (see Sec-
tion IV), while the lower bound comes from requiring
that the � not spoil the measured e↵ective number of
neutrino species from CMB and the measured primor-
dial nuclei abundances [43]. Therefore, to reproduce the
expected asymmetry coming from, for instance, only B

0
s
,

we find A
s

``
⇥Br(B ! �⇠+Baryon+X) ⇠ 10�6�5⇥10�4

(depending upon the � width and mass).

Elor, Escudero, Nelson
1810.0080

(See also: McKeen 
talk on Tuesday)
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Figure 3.13: The significance with which the CP violation can be determined as a function of the value
of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right). The
shaded region represents the range in sensitivity due to potential variations in the beam design.

Table 3.7: The minimum exposure required to determine CP violation with a significance of 3‡ for 75%
of ”CP values or 5‡ for 50% of ”CP values for the CDR reference beam design and the optimized beam
design.

Significance CDR Reference Design Optimized Design
3‡ for 75% of ”CP values 1320 kt · MW · year 850 kt · MW · year
5‡ for 50% of ”CP values 810 kt · MW · year 550 kt · MW · year
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The Origin of Neutrino Masses

1411.7305Future hadron colliders could produce the see-saw 
partners of the neutrinos.
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Figure 6. Feynman diagrams for the DIS process q1q2 → Nℓ±q′1q
′
2.

applied. We adopt the following scheme

Qγ = ΛDIS
γ =

{

15 GeV for 14 TeV

25 GeV for 100 TeV
(2.29)

Sensitivity to variations ΛDIS
γ are discussed in section 2.5.

Consistent with Φij(τ) in Eq. (2.5), we define the inelastic γq parton luminosity ΦInel to

be

ΦInel(τ) =

∫ 1

τ

dξ

ξ

∫ 1

τ/ξ

dz

z

∑

q,q′

[

fq/p(ξ)fγ/q′(z)fq′/p

(

τ

ξz

)

+ fq/p

(

τ

ξz

)

fγ/q′(z)fq′/p(ξ)

]

.(2.30)

In figure 3, we give the ΦInel spectrum as a function of
√
τ , denoted by the (red) dash

curve, for 14 and 100 TeV. For the range investigated, ΦInel ranges between 2− 4% of the DY

luminosity. Compared to its elastic counterpart, the smallness of the inelastic luminosity is

attributed the limited Q2
γ evolution.

The inelastic matrix element is identical to the elastic case. In figures 4(a) and 4(b),

we show the bare cross section for the inelastic process, denoted by the (red) dash line, as a

function of the neutrino mass. The rate varies between 0.7− 30 (40− 260) fb at 14 (100) TeV

for mN = 100 GeV − 1 TeV. As seen in figures 4(c) and 4(d), where the cross sections are

normalized to the DY rate, it reaches about 10 (50)% of the DY rate at large mN .

2.3.3 Deeply Inelastic Scattering: High pT Quark Jet

As discussed in the previous section, at a sufficiently large momentum transfer the collinear

photon description breaks down and the associated final-state quark emerges as an observable

– 12 –
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Figure 16. At 100 TeV and as a function of mN , the 2σ sensitivity to Sℓℓ
′ after 100 fb−1 (dash-

diamond) and 1 ab−1 (dash-star) for the (a) µ±µ± and (b) e±µ± channels. The optimistic (pessimistic)
bound is given by the solid (short-dash) horizontal line. (c) The required luminosity for a 3 (dash-
circle) and 5σ (dash-star) discovery in the µ±µ± channel

Comparatively, we observe a slight “dip” (broad “bump”) in the µµ (eµ) curve around 200

GeV. For the µµ channel, this is due to the low signal acceptance rates for Majorana neutrinos

very close to the W threshold; the search methodology for mN near or below the MW has

been studied elsewhere [27, 29]. For mN ≥ 200 GeV, the signal acceptance rate grows rapidly,

greatly increasing sensitivity. In the eµ channel, the electron charge mis-ID background is

greatest in the region around 200 GeV and quickly dwindles for larger mN . In the low-mass

regime, we find greater sensitivity in the µµ channel. However, due to flavor multiplicity and

comparable background rates, the eµ channel has greater sensitivity in the large-mN regime.
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Figure 1. Diagram representing resonant heavy Majorana neutrino production through the DY
process and its decay into same-sign leptons and dijet. All diagrams drawn using JaxoDraw [38].

1 INTRODUCTION

The discovery of the Higgs boson completes the Standard Model (SM). Yet, the existence of

nonzero neutrino masses remains one of the clearest indications of physics beyond the Standard

Model (BSM) [1–8] The simplest SM extension that can simultaneously explain both the

existence of neutrino masses and their smallness, the so-called Type I seesaw mechanism [9–

18], introduces a right handed (RH) neutrino NR. Via a Yukawa coupling yν , the resulting

Dirac mass is mD = yν⟨Φ⟩, where Φ is the SM Higgs SU(2)L doublet. As NR is a SM-

gauge singlet, one could assign NR a Majorana mass mM without violating any fundamental

symmetry of the model. Requiring that mM ≫ mD, the neutrino mass eigenvalues are

m1 ∼ mD
mD

mM
and m2 ∼ mM . (1.1)

Thus, the apparent smallness of neutrino masses compared to other fermion masses is due

to the suppression by a new scale above the EW scale. Taking the Yukawa coupling to be

yν ∼ O(1), the Majorana mass scale must be of the order 1013 GeV to recover sub-eV light

neutrinos masses. However, if the Yukawa couplings are as small as the electron Yukawa

coupling, i.e., yν ! O(10−5), then the mass scale could be at O(1) TeV or lower [19–22].

Given the lack of guidance from theory of lepton flavor physics, searches for Majorana

neutrinos must be carried out as general and model-independent as possible. Low-energy

phenomenology of Majorana neutrinos has been studied in detail [21–37]. Studied first in

Ref. [23] and later in Refs. [24–29], the production channel most sensitive to heavy Majorana

neutrinos (N) at hadron colliders is the resonant Drell-Yan (DY) process,

pp → W±∗ → N ℓ±, with N → W∓ ℓ
′±, W∓ → j j, (1.2)

in which the same-sign dilepton channel violates lepton number L by two units (∆L = 2); see

figure 1. Searches for Eq. (1.2) are underway at LHC experiments [39–41]. Non-observation

in the dimuon channel has set a lower bound on the heavy neutrino mass of 100 (300) GeV

for mixing |VµN |2 = 10−2 (−1) [40]. Bounds on mixing from 0νββ [42, 43] and EW precision

data [44–47] indicate that the 14 TeV LHC is sensitive to Majorana neutrinos with mass

between 10 and 375 GeV after 100 fb−1 of data [27]. Recently renewed interest in a very

– 2 –

We include the light quarks (u, d, c, s) and adopt the 2010 update of the CTEQ6L PDFs[73].

Unless stated otherwise, all quark (and gluon) factorization scales are set to half the c.m. en-

ergy:

Qf =
√
ŝ/2. (2.6)

For the processes with initial state photons (γ), their treatment and associated scale choices

are given in section 2.3.

Our formalism and notation follow Ref. [29]. For the heavy neutrino production via the SM

charged current coupling, the cross section is proportional to the mixing parameter (squared)

between the mass eigenstate N and the charged lepton ℓ (e, µ, τ). Thus it is convenient to

factorize out the model-dependent parameter |VℓN |2

σ(pp → Nℓ±) ≡ σ0(pp → Nℓ±) × |VℓN |2, (2.7)

where σ0 will be called the “bare cross section”. The branching fraction of a heavy neutrino to a

particular lepton flavor ℓ is proportional to |VNℓ|2/
∑

ℓ′ |VNℓ′ |2. Thus for neutrino production

and decay into same-sign leptons with dijet, it is similarly convenient to factorize out this

ratio [27]:

σ(pp → ℓ±ℓ
′± + 2j) ≡ σ0(pp → ℓ±ℓ

′± + 2j) × Sℓℓ′ , (2.8)

Sℓℓ′ =
|VℓN |2|Vℓ′N |2
∑

ℓ′′ |Vℓ′′N |2
. (2.9)

The utility of this approach is that all the flavor-model dependence is encapsulated into

a single, measurable number. Factorization into a bare rate and mixing coefficient holds

generally for QCD and EW corrections as well.

2.1 Constraints on Heavy Neutrino mixing

As seen above in Eq. (2.7), one of the most important model-dependent parameters to control

the signal production rate is the neutrino mixing VℓN . Addressing the origin of lepton flavor

is beyond the scope of this study, so masses and mixing factors are taken as independent,

phenomenological parameters. We consider only the lightest, heavy neutrino mass eigenstate

and require it to be kinematically accessible. Updates on heavy neutrino constraints can be

found elsewhere [29, 34, 74]. Here we list only the most stringent bounds relevant to our

analysis.

• Bounds from 0νββ: For heavy Majorana neutrinos with Mi ≫ 1 GeV, the absence of

0νββ decay restricts the mixing between heavy mass and electron-flavor eigenstates [42,

43]:
∑

m′

|Vem′ |2

Mm′
< 5× 10−5 TeV−1. (2.10)

– 5 –



Dark Matter?

• We can also try to produce dark 
matter from collisions of ordinary 
matter, at high energy colliders.

• If dark matter interacts with 
quarks or gluons, we can look for a 
process where the dark matter is 
produced with some extra 
radiation, revealing its presence by 
the imbalance of momentum in the 
transverse direction to the beam.

• If we trace limits on the parameter 
space of direct detection, we see 
that colliders offer an interesting 
probe of very light dark matter.

(Similar results from CMS)

DM

DM

q

qg



Dark Matter
1606.00947

constraints on the pure, mixed and co-annihilating scenarios (c.f. Sec. 4.5.1) is given in Fig. 45.
These scenarios represent the worst possible cases in the sense that there are very few handles

in the events. Future directions that deserve more careful study are considering other particles in the
spectrum that could increase the electroweakino rate or yield jets or leptons in their decays providing
increased discrimination power.

 [TeV]
χ∼

m
0 1 2 3 4 5 6

wino  disappearing tracks

higgsino  

)  H~/B~mixed (

)  W~/B~mixed (

gluino coan.  

stop coan.  

squark coan.  

Collider Limits
100 TeV
14 TeV

Fig. 45: Summary of reach for DM with SM mediators and through co-annihilation at 100 TeV.

4.3.2 Weak Gauge Bosons 2: Wino DM

As discussed above, an electroweak triplet with zero hypercharge is one of the most minimal DM models
one can imagine [335,351], and is further motivated in models of high-scale supersymmetry [33,35,36,
153, 352–355] and other new physics scenarios [36, 356–358].

We now summarise the status and prospects for the searches of an extra stable fermion triplet,
focusing of course on the 100 TeV proton collider, but making explicit the comparison with other future
colliders, as well as with direct and indirect DM detection experiments. Our discussion is based on
ref [348] for the collider reaches, and it is updated with more recent results for DD [359], as well as with
preliminary ones for ID [360].

The model. The Lagrangian for the minimal Wino DM model reads

L = LSM +
1

2
�̄(i /D � M�)�, (38)

so that the only new parameter of this model is the � mass M�. If one demands � to constitute 100%
of the DM via thermal freeze out, then also M� is fixed, to roughly 3 TeV [361]. We will also consider
different values of M�, to allow for different production mechanisms and for the possibility that � does
not constitute 100% of the observed DM.

While at tree level the neutral and charged components of the triplet have the same mass, higher
order corrections split the neutral Majorana fermion �0 from the charged �±. This mass splitting has
been computed at the two-loop level in the SM [345], yielding to M�± � M�0 ' 165 MeV (stable to the
level of 1 MeV for M� & 1 TeV)10.

The direct pair production of DM particles receive contribution, in this model, not only from
production of �0, but also from that of �±. In fact, the small mass splitting causes �± to decay into

10Possible heavy New Physics contributions to M�±�M�0 are very suppressed, since the first effective operator contributing
to a splitting arises at dimension 7.
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Access to the Dark Sector?
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LHCb D*
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Belle-IIHPS

SHiP

SeaQuest

NA62

A collider can produce dark particles, 
which a specialized detector can hope 

to detect far from the interaction point.

(See also: Shuve talk on Tuesday)
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The Future Gets Brighter?
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Outlook
• The Standard Model is a triumph, but it is incomplete:

• Dark matter and dark energy

• Baryon asymmetry

• Neutrino masses

• …and I didn’t even mention any of the more theoretically motivated 
arguments for physics beyond the Standard Model… 

• While all point to physics beyond the Standard Model, none have an 
identified energy scale associated with their dynamics.

• There isn’t a “no lose” theorem for a certain energy, like we had for 
electroweak symmetry breaking.

• Nonetheless, accelerators shine as a tool to explore.  The control over 
the initial state and the ability to produce the unexpected offer 
opportunities which are difficult to realize in any other way.



Outlook

The only way to know is to build it!



Searching for Dark Matter
• Our observations of dark matter are 

through its gravitational effects.    Does 
it have any other kind of interaction 
with ordinary matter?

• We have good reason to think it might 
have much stronger coupling than 
gravitational.

• If the dark matter has strong enough 
interactions, it will naturally be 
produced at early times when the 
Universe is dense and hot, and then 
freeze out to its current density.

• In this picture, the abundance of dark 
matter is controlled by the rate that it 
annihilates into ordinary matter.  Can 
we observe such annihilation today?

DM

DM

SM Particles

5

considered in our analysis becomes

L(D|pW,{p}i) =
Y

i

LLAT
i (D|pW,pi)

⇥ 1

ln(10) Ji
p
2⇡�i

e�[log10(Ji)�log10(Ji)]
2
/2�2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that is

commonly used in a standard single ROI analysis of the
LAT data and takes full account of the point-spread func-
tion, including its energy dependence; i indexes the ROIs;
D represents the binned gamma-ray data; pW represents
the set of ROI-independent DM parameters (h�annvi and
mW ); and {p}i are the ROI-dependent model parame-
ters. In this analysis, {p}i includes the normalizations
of the nearby point and di↵use sources and the J factor,
Ji. log10(Ji) and �i are the mean and standard devia-
tions of the distribution of log10 (Ji), approximated to be
Gaussian, and their values are given in Columns 5 and
6, respectively, of Table I.

The fit proceeds as follows. For given fixed values of
mW and bf , we optimize � lnL, with L given in Eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the “profile likelihood”technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see, e.g., [32]), and consists of calcu-
lating the profile likelihood � lnLp(h�annvi) for several
fixed masses mW , where, for each h�annvi, � lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2� ln(Lp) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�annvi,
the J factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near-by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo calculations for a
Poisson process with known background and Fermi-LAT
simulations of Galactic and isotropic di↵use gamma-ray
emission. The parameter range for h�annvi is restricted
to have a lower bound of zero, to facilitate convergence of
the MINOS fit, resulting in slight overcoverage for small
signals, i.e., conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the bb̄ final state are shown in
Fig. 1; see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on a WIMP anni-
hilation cross section for all selected dSphs and for the joint
likelihood analysis for annihilation into the bb̄ final state. The
most generic cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-
wave cross section) is plotted as a reference. Uncertainties in
the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the bb̄ channel, the ⌧+⌧� channel, the
µ+µ� channel, and the W+W� channel. The most generic
cross section (⇠ 3 ·10�26 cm3s�1 for a purely s-wave cross sec-
tion) is plotted as a reference. Uncertainties in the J factor
are included.

in the fit results in increased upper limits compared to
using the nominal J factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultrafaint satel-
lites with small kinematic data sets and relatively large

1108.3546



Searching for Dark Matter
• The motion of our own 

galaxy suggests that there 
should be substantial 
dark matter right around 
us.  

• If it interacts with 
ordinary matter, it is 
possible that we can 
catch nearby dark matter 
particles and see them 
bumping into us.

• This “direct” search for 
dark matter uses very 
sensitive detectors with 
heavy shielding, looking 
for a handful of dark 
matter scattering events.

WIMP

Target Nuclei

Signal
5
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
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/cm3, 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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tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our
signal region.

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.

Fig. 4 shows the resulting best-fit region from this
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