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

missing ingredient in the Standard 
Model of particle physics.

• Its discovery in 2012 at the LHC 
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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Measurement Fit |Omeas<Ofit|/mmeas
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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.



Some Historical Perspective
• The current situation in particle physics is reminiscent of an earlier chapter in 

the history of Physics.

• 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
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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:

The Standard Model contains these ingredients in some measure, but cannot 
satisfy any of the three sufficiently to explain the asymmetry we observe.



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?



More Clouds than Sky?

Hints of a Discovery to come…?

Sydney, Nova Scotia



Probing Dark Energy
• Future observations can shed light on 

the nature of dark energy.


• If it is changing with time, its history 
can reflect itself in the formation and 
distribution of galaxies.


• Future telescopes are poised to lead 
the way to better understanding!

16

Dark Energy Spectroscopic Instrument (DESI)

Vera Rubin Observatory



Higgs Properties
• The LHC and other future collider 

still have plenty to teach us about 
the properties of the Higgs boson.

• So far, the LHC has produced 
around a million Higgs bosons.  

• Its high luminosity upgrade will 
produce more than ten times more 
and allow one to achieve better 
precision and to search for more 
rare processes.

• A future linear e+e- collider would 
provide a precision environment 
that could lead to unparalleled 
precision in determining the Higgs 
mass and interaction strengths. 24%

CMSAHIGA17A031%

(Similar results from ATLAS)



Lepton Colliders

1704.02333

75

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

∆
W

∆
Z

∆
t =∆

c

∆
b

∆
τ

∆
γ

∆
g

∆
γ
SM

+N
P

∆
g
SM

+N
P

∆
W

/Z

∆
b/τ

∆
b/W

∆
Γ

gx = gx
SM (1+∆x) Γ=ΣΓi, ∆c=∆t 68% CL

ILC−base
FCCee−base

ILC−stage
FCCee−base ZH−only

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

∆
W

∆
Z

∆
t =∆

c

∆
b

∆
τ

∆
γ

∆
g

∆
γ
SM

+N
P

∆
g
SM

+N
P

∆
W

/Z

∆
b/τ

∆
b/W

∆
Γ

gx = gx
SM (1+∆x) Γ=ΣΓi, ∆c=∆t 68% CL

σtheo=0
σtheo=curr.

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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Figure 53: Constraints on EFT operators in the Higgs basis [46] at di�erent lepton colliders. Taken from Ref. [547].

The LHC will achieve ~10% measurements of a 
number of key interactions of the Higgs boson.  A 
future lepton linear collider like the ILC could get 
down to a few % for all of them, and to ~0.1% for 

some of them!



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, and 
should be visible at an upgraded LHC.

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
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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

SciPost Physics Submission

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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Figure 3: Correlations between the leading operators describing Higgs pair production.
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Searches for Particle 
Dark Matter

Indirect Detection
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The dark matter model predicts the rates of these 
processes, and relates them to each other.
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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



Dark Matter at Colliders?

• 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.

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

detect far from the interaction point.
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Hints from Nuclear Processes?
FASERA.J. Krasznahorkay, et al.  PRL 

&1504.01527 ; 1910.10459
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Figure 4: Quark level couplings required to explain the Atomki
8
Be anomaly along with the

most important constraints in the UV complete scenario described in Section 6. For this specific

model, gu and gd lie along the dashed black line. The experimentally allowed region is indicated as

such, and includes values of the couplings consistent with an axial vector interpretation of the
8
Be

anomaly, depicted by the hatched region.

listed at the start of Section 5 were relaxed. We postpone a more detailed investigation of
these considerations to future work.

Let us also point out that the most important limit on the quark couplings alone comes
from the Atomki measurements themselves [22], with the entire region to the upper right of
the hatched region in Fig. 4 excluded by their data (up to nuclear uncertainties). Should
the anomaly disapper in the future with more data, these constraints would become even
stronger. This again provides an important illustration of how precision nuclear measure-
ments can be used to study light vectors (and other particles) beyond what is possible with
other experiments.

7 Conclusions

Rare nuclear decays are a promising search channel for new hidden particle species with
masses near the MeV scale. The anomaly seen in the e+e� spectrum of isoscalar 8Be⇤(1+) !
8Be(0+) transitions at the Atomki facility can be explained by the emission of a light vector
boson in this process [22, 24]. In this paper, we have studied such an interpretation for a light
vector boson with axial couplings to quarks. To do so, we have performed a detailed ab initio

calculation of the relevant nuclear transition matrix elements. We find that such a vector
can account for the anomaly provided it has a mass of mX ' 17 MeV and axial couplings

23
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The Future Gets Brighter?

• With the discovery of the Higgs boson, the Standard Model of Particle 
Physics has been established as a complete theory that could in 
principle describe physics up to very high energies.

• Still, many questions remain:

• The nature of dark matter and dark energy

• The origin of the baryon asymmetry of the Universe.

• Flavor and neutrino masses.

• Future experiments, including the high luminosity Large Hadron 
Collider, future observatories, and searches for dark matter offer the 
opportunity to shed light on these mysteries.

• The next few years offer the opportunity for great discoveries!



The Future is Bright!
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