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A JOKE…
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Theory: Problems and 
Motivations

• Hierarchy Problem 


• Baryogenesis


• Dark Matter


• Flavour


• Neutrino Sector


• H0, Dark Energy


• Just because we can

“When life gives you lemons make all kinds of tropical fruit 
based salads and say you got inspired by life”
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Hierarchy Problem I
• Scalars pick up the mass-scale (and hence vevs) of whatever they couple to 

(probably the only accidentally well chosen name)


• Say I ignore the Planck corrections (claiming some quantum gravity magic/
ignorance), I am forced into either of three scenarios:


A. There are no particles that couple to Higgs between the weak scale 
and Planck scale (at any appreciable loop level)


B. I fine-tune the theory: at some UV scale I set the Higgs bare mass as 
to precisely cancel all the contributions from all the loops.


C. If there any particles that couple to Higgs, they do so in a very peculiar 
way as to cancel/suppress the contribution to its mass: symmetries
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Possibly a reason to believe there are new particles in “our reach”. !4



Hierarchy Problem II

SUSY

Technicolor

Neutral Naturalness

Extra Dimensions

Randall-Sundrum

Symmetries: 
The Spoon is Special 

Nothing to Cancel: 
There is no Spoon 

Cosmological: 
Only the Special 
Spoons Survive

Relaxion

N-naturalness

…

… …
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Hierarchy Problem III

SUSY

Technicolor

Neutral Naturalness

Symmetries: 
The Spoon is Special 

…

Does not do so well with light Higgs…

Fine-tuned?

Compressed Spectra [1512.05781]

Alignment without decoupling [1805.05754]

See talk by Christina Potter

Hard to hide the higher spin resonances

(techni-rho)/Walking technicolor

Top quark mass is a tough nut to crack

Generally a little hierarchy solution up to 5-10TeV

[hep-ph/0506256], G—> SU(2) x SU(2), v/w ~ 3-5

Contains some amount of light particles

Exciting cosmology

Drives us to understand things like glueballs …
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Hierarchy Problem IV

Extra Dimensions

Randall-Sundrum

Nothing to Cancel: 
There is no Spoon 

…

These have become

 standard models


to look for…


[hep-ph/9905221]

[hep-ph/0409309]
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Hierarchy Problem V
Cosmological: 

Only the Special 
Spoons Survive

Relaxion

N-naturalness

…

Dynamically ‘Relaxes’ the Higgs mass [1504.07551]

Has spawned an industry of its own:

• Produces DM [1809.04534,1810.01889]

• Solves/Spoils the Strong CP problem [1708.00010]

• Has Baryogenesis in it [1810.05153]

• Differen Stopping Mechanisms [1607.01786]

The are many ‘Standard Models’

Cosmology picks (reheats) the 
one that has the lowest value of 
Higgs vev [1607.06821]
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Hierarchy Problem VI

SUSY

Technicolor

Neutral Naturalness

Extra Dimensions

Randall-Sundrum

Symmetries: 
The Spoon is Special 

Nothing to Cancel: 
There is no Spoon 

Cosmological: 
Only the Special 
Spoons Survive

Relaxion

N-naturalness

…

… …
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Hierarchy Problem VII: 
But what has it done for us?
• It has inspired whole sets of industries of searches (SUSY, 

KK modes, Techni-particles)


• Since we have found no resonances we started focusing 
on EFTs (which is a good thing). You will hear a lot more 
about this on Friday. [One upshot is that we need to get 
our theory predictions up to speed, since we are not 
longer bump-hunting].


• It has slowly eroded our tastes (which is good) and taught 
us humility…
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Dark Matter
ADVANTAGES


• Definitely there


• There is so much, we can 
see it gravitationally


• It is stable


• Points to a whole new 
sector

DISADVANTAGES


• We can only see it 
gravitationally


• We mostly know what it is 
not


• Not even sure it is a 
particle
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Dark Matter II
What do we know?


• The bulk properties are so well known, we now have a Standard Model of 
Cosmology (LCDM):


• .


• The initial power spectrum is nearly scale invariant


• Not strongly self-interacting:


• Not a single type of Primordial Black hole (may be a spectrum, may be 
a particle)


• Does not interact with SM much. (Later talks)


• Many constraints disappear once you consider only a fraction of DM is 
special…

� < 1cm2/g ⇠ barn/GeV
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⌦CDM = 0.259
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Dark Matter III
• We get fascinated by the DM-baryon coincidence:


• We often assume this means that DM had to be in thermal equilibrium with the 
SM. A bit of a red-herring:


• This makes the WIMP miracle a very accidental miracle.


• Instead asymmetric DM models are more true to this statement (Darkogenesis 
[1008.1997], Xogenesis [1009.0270], Pangenesis [1105.3730], Asymmetric 
Freeze-in [1010.0245]


• There are other “coincidences”: SIMP, FIMPs, Axions.


• You can even set the DM abundance by the properties of SM alone (with an 
inert DM)

⌦DM ⇠ O(1)⌦B
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Dark Matter IV
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid
lines) and hints of WIMP signals (closed contours) from current dark matter experiments
and projections (dashed) for planned direct detection dark matter experiments. Also
shown is an approximate band where neutrino coherent scattering from solar neutrinos,
atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].
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1 Introduction
One of the most intriguing open questions in physics is the nature of dark matter (DM). While
DM is thought to be the dominant nonbaryonic contribution to the matter density of the uni-
verse [1], its detection and identification in terrestrial and spaceborne experiments remains
elusive. At the CERN LHC, the DM particles may be produced in high-energy proton-proton
collisions, if the DM particles interact with the standard model (SM) quarks or gluons via new
couplings at the electroweak scale [2, 3]. Although DM particles cannot be directly detected at
the LHC, their production could be inferred from an observation of events with a large trans-
verse momentum imbalance (missing transverse momentum, p

miss
T , defined in Section 2).

Another highly important issue is the hierarchy problem, which involves the large energy gap
between the electroweak (MEW) and Planck (MPl) scales [4]. Proposed solutions to this prob-
lem include theories with large extra dimensions, such as the model of Arkani-Hamed, Di-
mopoulos, Dvali (ADD) [5, 6]. The ADD model postulates that there exist n compactified extra
dimensions in which gravitons can propagate freely and that the true scale (MD) of the grav-
itational interaction in this 4+n dimensional space-time is of the same order as MEW. The
compactification scale R of the additional dimensions is related to the two gravitational scales
by M

2
Pl ⇠ R

n
M

n+2
D

. For MD ⇠ MEW, the cases n = 1 and n = 2 are ruled out or strongly
disfavored by various observations [6], while cases n � 3 remain to be probed, for example,
by collider experiments. The compactification scale R is much greater than 1/MEW for a wide
range of n, leading to a near-continuous mass spectrum of Kaluza–Klein graviton states. Al-
though the gravitons would not be observed directly at the LHC, their production would be
manifest as events broadly distributed in p

miss
T .

In generic models of DM and graviton production, various SM particles can recoil against these
undetected particles, producing a variety of final states with significant p

miss
T . The monophoton,

or g + p
miss
T , final state has the advantage of being identifiable with high efficiency and purity.

In DM production through a vector or axial vector mediator, a photon can be radiated from
incident quarks (Fig. 1 left). Models of this process have been developed by the CMS-ATLAS
Dark Matter Forum [7]. It is also possible that the DM sector couples preferentially to the
electroweak sector, leading to an effective interaction qq ! Z/g⇤ ! gcc [8], where c is the
DM particle (Fig. 1 center). In ADD graviton production, the graviton can couple directly to
the photon (Fig. 1 right) or to a quark. In this paper, we examine final states containing large
p

miss
T in the presence of a photon with large transverse momentum (pT), and search for an

excess of events over the SM prediction. Data collected by the CMS experiment in 2016 with an
integrated luminosity of 12.9 fb�1 are analyzed. Results are interpreted in the context of these
three models.

q

q̄

�

�

�̄

q

q̄

�

�

�̄

q

q̄

�

G

Figure 1: Leading-order diagrams of the simplified DM model (left), electroweak-DM effective
interaction (center), and graviton (G) production in the ADD model (right), with a final state of
g and large p

miss
T .

The primary irreducible background for the g + p
miss
T signal is SM Z boson production asso-

ciated with a photon, Z(! nn) + g. Other SM backgrounds include W(! `n) + g (having a

10 5 Results and interpretation
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Figure 3: The ratio of 95% CL cross section upper limits to theoretical cross section (µ95), for
DM simplified models with vector (left) and axial-vector (right) mediators, assuming gq = 0.25
and gDM = 1. Expected and observed µ95 = 1 contours are overlaid. The region below the
observed contour is excluded.
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Figure 4: The 90% CL exclusion limits on the c-nucleon spin-independent (left) and spin-
dependent (right) scattering cross sections involving vector and axial-vector operators, respec-
tively, as a function of the mDM. Simplified model DM parameters of gq = 0.25 and gDM = 1
are assumed. The region to the upper left of the contour is excluded. On the plots, the me-
dian expected 90% CL curve overlaps the observed 90% CL curve. Also shown are corre-
sponding exclusion contours, where regions above the curves are excluded, from the recent
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Dark Matter V
Collider vs Direct Detection vs Indirect Detection

Electroweak Scale

⇤QCD
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Mediator Mass

DM Mass
LHC, Indirect Detection

Direct DetectionmDMv2,mDMv
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RG
 F

lo
w Early Universe

LHC and Early Universe and  
Direct Detection may be all  

probing different scales 
— 

Without a model, you cannot 
fairly compare them. 

See e.g. [1402.1173],

[1708.02678], [1809.03506]
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Dark Matter VI
Colliders and Astrophysics are Complimentary

Direct Detection

Indirect Detection

Colliders

Coupling to

Nucleons

Partons

Partons

Assumptions/Uncertainties

DM velocity profile

DM density profile, SM backgrounds

We don’t know if we 
 found a DM state at all

It’s hard to determine Self-interactions, Temperature, etc. with Collider Data

vs.


Astrophysics is notoriously known for uncertainties (but getting better), but then you already 
have DM in astrophysical settings (you don’t pay the cost of making it)

!16



Flavour
• The SM flavour structure 

is hierarchical. 


• The CKM appears to be 
unitary, we don’t see clear 
signs of FCNCs (All the 
penguins are accounted 
for…)


• The last statement was 
meant to be controversial
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Flavour II
However, we do see anomalies:

r(⇤)D ⌘ B ! D(⇤)⌧⌫⌧
B ! D(⇤)µ⌫µ
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r(⇤)K ⌘ B ! K(⇤)µ+µ�

B ! K(⇤)e+e�
<latexit sha1_base64="l7u3zvyFbPVHau1UK1igG5gW2Mw=">AAACMHicbVDLSgMxFM3UV62vUZdugkWoFsuMCLosdaHgpoJ9QKctmfROG5p5mGQKZegnufFTdKOgiFu/wvSBaPVAwuGce0nOcSPOpLKsFyO1sLi0vJJezaytb2xumds7VRnGgkKFhjwUdZdI4CyAimKKQz0SQHyXQ83tX4z92gCEZGFwq4YRNH3SDZjHKFFaapuXon3dSnJHhyPswF3MBtjxBKFJCTsqxN+WH7fy4+t4NOdgaOVBy20zaxWsCfBfYs9IFs1QbpuPTieksQ+BopxI2bCtSDUTIhSjHEYZJ5YQEdonXWhoGhAfZDOZBB7hA610sBcKfQKFJ+rPjYT4Ug59V0/6RPXkvDcW//MasfLOmwkLolhBQKcPeTHHOvG4PdxhAqjiQ00IFUz/FdMe0YUp3XFGl2DPR/5LqicF2yrYN6fZYmlWRxrtoX2UQzY6Q0V0hcqogii6R0/oFb0ZD8az8W58TEdTxmxnF/2C8fkFKcqmlA==</latexit><latexit sha1_base64="l7u3zvyFbPVHau1UK1igG5gW2Mw=">AAACMHicbVDLSgMxFM3UV62vUZdugkWoFsuMCLosdaHgpoJ9QKctmfROG5p5mGQKZegnufFTdKOgiFu/wvSBaPVAwuGce0nOcSPOpLKsFyO1sLi0vJJezaytb2xumds7VRnGgkKFhjwUdZdI4CyAimKKQz0SQHyXQ83tX4z92gCEZGFwq4YRNH3SDZjHKFFaapuXon3dSnJHhyPswF3MBtjxBKFJCTsqxN+WH7fy4+t4NOdgaOVBy20zaxWsCfBfYs9IFs1QbpuPTieksQ+BopxI2bCtSDUTIhSjHEYZJ5YQEdonXWhoGhAfZDOZBB7hA610sBcKfQKFJ+rPjYT4Ug59V0/6RPXkvDcW//MasfLOmwkLolhBQKcPeTHHOvG4PdxhAqjiQ00IFUz/FdMe0YUp3XFGl2DPR/5LqicF2yrYN6fZYmlWRxrtoX2UQzY6Q0V0hcqogii6R0/oFb0ZD8az8W58TEdTxmxnF/2C8fkFKcqmlA==</latexit><latexit sha1_base64="l7u3zvyFbPVHau1UK1igG5gW2Mw=">AAACMHicbVDLSgMxFM3UV62vUZdugkWoFsuMCLosdaHgpoJ9QKctmfROG5p5mGQKZegnufFTdKOgiFu/wvSBaPVAwuGce0nOcSPOpLKsFyO1sLi0vJJezaytb2xumds7VRnGgkKFhjwUdZdI4CyAimKKQz0SQHyXQ83tX4z92gCEZGFwq4YRNH3SDZjHKFFaapuXon3dSnJHhyPswF3MBtjxBKFJCTsqxN+WH7fy4+t4NOdgaOVBy20zaxWsCfBfYs9IFs1QbpuPTieksQ+BopxI2bCtSDUTIhSjHEYZJ5YQEdonXWhoGhAfZDOZBB7hA610sBcKfQKFJ+rPjYT4Ug59V0/6RPXkvDcW//MasfLOmwkLolhBQKcPeTHHOvG4PdxhAqjiQ00IFUz/FdMe0YUp3XFGl2DPR/5LqicF2yrYN6fZYmlWRxrtoX2UQzY6Q0V0hcqogii6R0/oFb0ZD8az8W58TEdTxmxnF/2C8fkFKcqmlA==</latexit><latexit sha1_base64="l7u3zvyFbPVHau1UK1igG5gW2Mw=">AAACMHicbVDLSgMxFM3UV62vUZdugkWoFsuMCLosdaHgpoJ9QKctmfROG5p5mGQKZegnufFTdKOgiFu/wvSBaPVAwuGce0nOcSPOpLKsFyO1sLi0vJJezaytb2xumds7VRnGgkKFhjwUdZdI4CyAimKKQz0SQHyXQ83tX4z92gCEZGFwq4YRNH3SDZjHKFFaapuXon3dSnJHhyPswF3MBtjxBKFJCTsqxN+WH7fy4+t4NOdgaOVBy20zaxWsCfBfYs9IFs1QbpuPTieksQ+BopxI2bCtSDUTIhSjHEYZJ5YQEdonXWhoGhAfZDOZBB7hA610sBcKfQKFJ+rPjYT4Ug59V0/6RPXkvDcW//MasfLOmwkLolhBQKcPeTHHOvG4PdxhAqjiQ00IFUz/FdMe0YUp3XFGl2DPR/5LqicF2yrYN6fZYmlWRxrtoX2UQzY6Q0V0hcqogii6R0/oFb0ZD8az8W58TEdTxmxnF/2C8fkFKcqmlA==</latexit>

�aCP = aK+K� � a⇡+⇡�
<latexit sha1_base64="0eE0Ma53BDpGdUOCmrFs1B9K6/o=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQS8uMCLoRinUhdFPBtkJnOmTSTBuaeZBkhDLMP7jxV9y4UMStG3f+jZl2Ftp6IOHknHu5uceNGBXSML61wtLyyupacb20sbm1vaPv7nVEGHNM2jhkIb93kSCMBqQtqWTkPuIE+S4jXXfcyPzuA+GChsGdnETE9tEwoB7FSCrJ0U+sa8IkgshJGq0UXmak2a80+9UUVrOHFdF+RV3V1NHLRs2YAi4SMydlkKPl6F/WIMSxTwKJGRKiZxqRtBPEJcWMpCUrFiRCeIyGpKdogHwi7GS6UwqPlDKAXsjVCSScqr87EuQLMfFdVekjORLzXib+5/Vi6V3YCQ2iWJIAzwZ5MYMyhFlAcEA5wZJNFEGYU/VXiEeIIyxVjCUVgjm/8iLpnNZMo2benpXrV3kcRXAADsExMME5qIMb0AJtgMEjeAav4E170l60d+1jVlrQ8p598Afa5w+tUpwk</latexit><latexit sha1_base64="0eE0Ma53BDpGdUOCmrFs1B9K6/o=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQS8uMCLoRinUhdFPBtkJnOmTSTBuaeZBkhDLMP7jxV9y4UMStG3f+jZl2Ftp6IOHknHu5uceNGBXSML61wtLyyupacb20sbm1vaPv7nVEGHNM2jhkIb93kSCMBqQtqWTkPuIE+S4jXXfcyPzuA+GChsGdnETE9tEwoB7FSCrJ0U+sa8IkgshJGq0UXmak2a80+9UUVrOHFdF+RV3V1NHLRs2YAi4SMydlkKPl6F/WIMSxTwKJGRKiZxqRtBPEJcWMpCUrFiRCeIyGpKdogHwi7GS6UwqPlDKAXsjVCSScqr87EuQLMfFdVekjORLzXib+5/Vi6V3YCQ2iWJIAzwZ5MYMyhFlAcEA5wZJNFEGYU/VXiEeIIyxVjCUVgjm/8iLpnNZMo2benpXrV3kcRXAADsExMME5qIMb0AJtgMEjeAav4E170l60d+1jVlrQ8p598Afa5w+tUpwk</latexit><latexit sha1_base64="0eE0Ma53BDpGdUOCmrFs1B9K6/o=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQS8uMCLoRinUhdFPBtkJnOmTSTBuaeZBkhDLMP7jxV9y4UMStG3f+jZl2Ftp6IOHknHu5uceNGBXSML61wtLyyupacb20sbm1vaPv7nVEGHNM2jhkIb93kSCMBqQtqWTkPuIE+S4jXXfcyPzuA+GChsGdnETE9tEwoB7FSCrJ0U+sa8IkgshJGq0UXmak2a80+9UUVrOHFdF+RV3V1NHLRs2YAi4SMydlkKPl6F/WIMSxTwKJGRKiZxqRtBPEJcWMpCUrFiRCeIyGpKdogHwi7GS6UwqPlDKAXsjVCSScqr87EuQLMfFdVekjORLzXib+5/Vi6V3YCQ2iWJIAzwZ5MYMyhFlAcEA5wZJNFEGYU/VXiEeIIyxVjCUVgjm/8iLpnNZMo2benpXrV3kcRXAADsExMME5qIMb0AJtgMEjeAav4E170l60d+1jVlrQ8p598Afa5w+tUpwk</latexit><latexit sha1_base64="0eE0Ma53BDpGdUOCmrFs1B9K6/o=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQS8uMCLoRinUhdFPBtkJnOmTSTBuaeZBkhDLMP7jxV9y4UMStG3f+jZl2Ftp6IOHknHu5uceNGBXSML61wtLyyupacb20sbm1vaPv7nVEGHNM2jhkIb93kSCMBqQtqWTkPuIE+S4jXXfcyPzuA+GChsGdnETE9tEwoB7FSCrJ0U+sa8IkgshJGq0UXmak2a80+9UUVrOHFdF+RV3V1NHLRs2YAi4SMydlkKPl6F/WIMSxTwKJGRKiZxqRtBPEJcWMpCUrFiRCeIyGpKdogHwi7GS6UwqPlDKAXsjVCSScqr87EuQLMfFdVekjORLzXib+5/Vi6V3YCQ2iWJIAzwZ5MYMyhFlAcEA5wZJNFEGYU/VXiEeIIyxVjCUVgjm/8iLpnNZMo2benpXrV3kcRXAADsExMME5qIMb0AJtgMEjeAav4E170l60d+1jVlrQ8p598Afa5w+tUpwk</latexit>

(g � 2)e vs.(g � 2)µ
<latexit sha1_base64="gTyrx7Wd//e5mbSL1YMSx9PD+8k=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLgxJERTcFN24rGAf0IQwmU7aoTNJmJkUSujSjb/ixoUibv0Ed/6NkzYLbT1w4XDOvdx7T5AwKpVtfxulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0Q2QJIxGpKWoYqSbCIJ4wEgnGN3mfmdMhKRx9KAmCfE4GkQ0pBgpLfnmcW1wXj/ziXvtcqSGgmdjaU3hXHV56ptV27JngMvEKUgVFGj65pfbj3HKSaQwQ1L2HDtRXoaEopiRacVNJUkQHqEB6WkaIU6kl80emcJTrfRhGAtdkYIz9fdEhriUEx7ozvxauejl4n9eL1XhlZfRKEkVifB8UZgyqGKYpwL7VBCs2EQThAXVt0I8RAJhpbOr6BCcxZeXSbtuObbl3F9UGzdFHGVwBE5ADTjgEjTAHWiCFsDgETyDV/BmPBkvxrvxMW8tGcXMIfgD4/MHFviYGw==</latexit><latexit sha1_base64="gTyrx7Wd//e5mbSL1YMSx9PD+8k=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLgxJERTcFN24rGAf0IQwmU7aoTNJmJkUSujSjb/ixoUibv0Ed/6NkzYLbT1w4XDOvdx7T5AwKpVtfxulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0Q2QJIxGpKWoYqSbCIJ4wEgnGN3mfmdMhKRx9KAmCfE4GkQ0pBgpLfnmcW1wXj/ziXvtcqSGgmdjaU3hXHV56ptV27JngMvEKUgVFGj65pfbj3HKSaQwQ1L2HDtRXoaEopiRacVNJUkQHqEB6WkaIU6kl80emcJTrfRhGAtdkYIz9fdEhriUEx7ozvxauejl4n9eL1XhlZfRKEkVifB8UZgyqGKYpwL7VBCs2EQThAXVt0I8RAJhpbOr6BCcxZeXSbtuObbl3F9UGzdFHGVwBE5ADTjgEjTAHWiCFsDgETyDV/BmPBkvxrvxMW8tGcXMIfgD4/MHFviYGw==</latexit><latexit sha1_base64="gTyrx7Wd//e5mbSL1YMSx9PD+8k=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLgxJERTcFN24rGAf0IQwmU7aoTNJmJkUSujSjb/ixoUibv0Ed/6NkzYLbT1w4XDOvdx7T5AwKpVtfxulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0Q2QJIxGpKWoYqSbCIJ4wEgnGN3mfmdMhKRx9KAmCfE4GkQ0pBgpLfnmcW1wXj/ziXvtcqSGgmdjaU3hXHV56ptV27JngMvEKUgVFGj65pfbj3HKSaQwQ1L2HDtRXoaEopiRacVNJUkQHqEB6WkaIU6kl80emcJTrfRhGAtdkYIz9fdEhriUEx7ozvxauejl4n9eL1XhlZfRKEkVifB8UZgyqGKYpwL7VBCs2EQThAXVt0I8RAJhpbOr6BCcxZeXSbtuObbl3F9UGzdFHGVwBE5ADTjgEjTAHWiCFsDgETyDV/BmPBkvxrvxMW8tGcXMIfgD4/MHFviYGw==</latexit><latexit sha1_base64="gTyrx7Wd//e5mbSL1YMSx9PD+8k=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLgxJERTcFN24rGAf0IQwmU7aoTNJmJkUSujSjb/ixoUibv0Ed/6NkzYLbT1w4XDOvdx7T5AwKpVtfxulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0Q2QJIxGpKWoYqSbCIJ4wEgnGN3mfmdMhKRx9KAmCfE4GkQ0pBgpLfnmcW1wXj/ziXvtcqSGgmdjaU3hXHV56ptV27JngMvEKUgVFGj65pfbj3HKSaQwQ1L2HDtRXoaEopiRacVNJUkQHqEB6WkaIU6kl80emcJTrfRhGAtdkYIz9fdEhriUEx7ozvxauejl4n9eL1XhlZfRKEkVifB8UZgyqGKYpwL7VBCs2EQThAXVt0I8RAJhpbOr6BCcxZeXSbtuObbl3F9UGzdFHGVwBE5ADTjgEjTAHWiCFsDgETyDV/BmPBkvxrvxMW8tGcXMIfgD4/MHFviYGw==</latexit>

Observable Prediction Measurement Pull

hdBR
dq2 i(Bs ! �µ

+
µ
�)[15.0,19.0] (5.57 ± 0.46) ⇥ 10�8 1

GeV2 (4.05 ± 0.50) ⇥ 10�8 1
GeV2 [93] 2.2�

hdBR
dq2 i(⇤b ! ⇤µ

+
µ
�)[1.1,6] (1.04 ± 0.56) ⇥ 10�8 1

GeV2 (9.7 ± 6.0) ⇥ 10�9 1
GeV2 [134] 0.1�

hdBR
dq2 i(⇤b ! ⇤µ

+
µ
�)[15,20] (7.11 ± 0.77) ⇥ 10�8 1

GeV2 (1.19 ± 0.27) ⇥ 10�7 1
GeV2 [134] 1.7�

ACP(B ! Xs+d�) (�3.7 ± 2.5) ⇥ 10�18 (3.2 ± 3.4) ⇥ 10�2 [135] 0.9�

BR(B+ ! K
⇤+

�) (4.25 ± 0.89) ⇥ 10�5 (4.21 ± 0.18) ⇥ 10�5 [135] 0.0�

BR(B+ ! e
+
⌫e) (9.46 ± 0.83) ⇥ 10�12 (4.7 ± 3.6) ⇥ 10�7 [136] 1.3�

BR(B+ ! µ
+
⌫µ) (4.04 ± 0.36) ⇥ 10�7 (4.9 ± 3.7) ⇥ 10�7 [136] 0.2�

BR(B+ ! ⌧
+
⌫⌧ ) (8.99 ± 0.79) ⇥ 10�5 (1.09 ± 0.24) ⇥ 10�4 [95] 0.7�

BR(B ! Xs�) (3.29 ± 0.22) ⇥ 10�4 (3.27 ± 0.14) ⇥ 10�4 [137] 0.1�

BR(B0 ! K
⇤0

�) (4.18 ± 0.85) ⇥ 10�5 (4.34 ± 0.15) ⇥ 10�5 [135] 0.2�

BR(B0 ! µ
+
µ
�) (1.17 ± 0.13) ⇥ 10�10 (1.5 ± 1.1) ⇥ 10�10 [138–140] 0.3�

BR(B0 ! ⇡
�
⌧
+
⌫⌧ ) (8.42 ± 0.92) ⇥ 10�5 (1.51 ± 0.73) ⇥ 10�4 [141] 0.9�

BR(Bs ! µ
+
µ
�) (3.61 ± 0.19) ⇥ 10�9 (2.88 ± 0.42) ⇥ 10�9 [138–140] 1.6�

BR(Bs ! ��) (4.01 ± 0.52) ⇥ 10�5 (3.52 ± 0.36) ⇥ 10�5 [142,143] 0.8�

BR(K+ ! ⇡
+
⌫⌫̄) (9.24 ± 0.83) ⇥ 10�11 (1.8 ± 1.1) ⇥ 10�10 [144] 0.8�

BR(KL ! e
+
e
�) (1.93 ± 0.34) ⇥ 10�13 (1.06 ± 0.51) ⇥ 10�11 [95] 2.1�

BR(KL ! µ
+
µ
�) (7.5 ± 1.3) ⇥ 10�9 (6.84 ± 0.11) ⇥ 10�9 [95] 0.5�

BR(KL ! ⇡
0
⌫⌫̄) (3.32 ± 0.37) ⇥ 10�11 (1.4 ± 1.1) ⇥ 10�9 [145] 1.3�

BR(KS ! e
+
e
�) (1.625 ± 0.016) ⇥ 10�16 (4.4 ± 3.3) ⇥ 10�9 [95] 1.3�

BR(KS ! µ
+
µ
�) (5.193 ± 0.053) ⇥ 10�12 (3.9 ± 2.9) ⇥ 10�10 [95] 1.3�

�Md (0.617 ± 0.083) 1
ps (0.5054 ± 0.0020) 1

ps [135] 1.3�

�Ms (18.7 ± 1.3) 1
ps (17.76 ± 0.02) 1

ps [135] 0.7�

SK⇤� (�2.3 ± 1.5) ⇥ 10�2 �0.16 ± 0.22 [135] 0.6�

S KS
0.706 ± 0.025 0.679 ± 0.020 [135] 0.8�

S � (3.87 ± 0.23) ⇥ 10�2 (3.3 ± 3.3) ⇥ 10�2 [135] 0.2�

|✏K | (1.81 ± 0.20) ⇥ 10�3 (2.228 ± 0.011) ⇥ 10�3 [95] 2.1�

✏
0
/✏ (�0.3 ± 5.9) ⇥ 10�4 (1.66 ± 0.23) ⇥ 10�3 [99] 2.7�

x
Im,D
12 (0.0 ± 5.9) ⇥ 10�6 (0.0 ± 2.4) ⇥ 10�4 [136] 0.0�

Table 4: Quark flavour observables where theory uncertainties are taken into account
(part 3/3).

Observable Prediction Measurement Pull

BR(⌧+ ! K
+
⌫̄) (7.119 ± 0.083) ⇥ 10�3 (6.961 ± 0.099) ⇥ 10�3 [99] 1.2�

BR(⌧� ! e
�
⌫⌫̄) 0.1778 ± 0.0003 0.1782 ± 0.0004 [99] 0.8�

BR(⌧� ! µ
�
⌫⌫̄) 0.1729 ± 0.0003 0.1739 ± 0.0004 [99] 2.0�

BR(⌧+ ! ⇡
+
⌫̄) 0.1090 ± 0.0013 0.1082 ± 0.0005 [99] 0.5�

ae (1.1596521816 ± 0.0000000002) ⇥ 10�3 (1.1596521809 ± 0.0000000003) ⇥ 10�3 [95] 1.9�

aµ (1.1659182 ± 0.0000004) ⇥ 10�3 (1.1659209 ± 0.0000006) ⇥ 10�3 [95] 3.4�

a⌧ (1.17721 ± 0.00005) ⇥ 10�3 (�1.8 ± 1.7) ⇥ 10�2 [95] 1.1�

Table 5: Leptonic observables where theory uncertainties are taken into account.

Observable Prediction Measurement Pull

�trident/�
SM
trident 1.00 0.97 ± 0.25 [146,147] 0.1�

Table 6: Observable: neutrino trident production.
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Flavour III
• LHCb measurement. But 

consistent with previous 
results.


• The significance of the 
anomaly has gone down.


• This measurement is now 2.5 
sigma away from SM.


• A sign of FCNC?


• Points to a scale of 3-30TeV…
Exciting!!! RK = 0.864+0.060

�0.054
+0.016
�0.014
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Flavour IV: Charm Sector

1 Introduction

CP violation has so far been firmly established in the down-quark sector, while similar
e↵ects in the charm-quark sector were expected to be tiny. In 2011 the LHCb Collaboration
reported [1] the first evidence for such an e↵ect in the quantity

�ACP = ACP (K�
K

+) � ACP (⇡�
⇡
+) , (1)

where the time dependent asymmetry into a final state f is given by

ACP (f, t) =
�(D0(t) ! f) � �(D

0

(t) ! f)

�(D0(t) ! f) + �(D
0

(t) ! f)
. (2)

This asymmetry can be further decomposed into a direct CP asymmetry and a mixing induced
CP asymmetry:

ACP (f, t) = a
dir

CP (f) +
t

⌧(D0)
a
ind

CP , (3)

where ⌧ is the lifetime of the neutral D meson. The flavour of the initial state (D0 or D
0

)
can either be tagged by identifying the charge of the pion in the decay D

+⇤ ! D
0 + ⇡

+ (pion
tag) or by identifying the muon in the decay B ! D

0
µ
�
X (muon tag). Originally, the large

e↵ect in �ACP was confirmed by CDF [2] and Belle [3]. Later on, the e↵ect was not seen in an
LHCb analysis based on muon tag [4, 5] and it also disappeared largely in the pion tag analysis
[6]. At that point in time, the theoretical interpretation of a large direct CP violation was also
rather inconclusive, see e.g. Ref. [7] and it was not clear whether a large value of �ACP could
still be due to underestimated non-perturbative e↵ects (see e.g. Refs. [8, 9, 10, 11, 12, 13, 14])
or whether this was already a clear indication of new physics (see e.g. Refs. [15, 16, 17, 18]).
At Moriond 2019, the LHCb collaboration presented new measurements [19] and the combined
value is currently

�A
Exp.
CP = (�15.6 ± 2.9) ⇥ 10�4

, (4)

being 5.3 standard deviations away from zero and originating mostly from direct CP violation.
See Tab. 1 for a summary of experimental results and their references.

2 Standard Model predictions in the charm sector

Reliable theory predictions in the charm sector seem to be notoriously di�cult. We will
briefly review the prime example where the SM seems to be orders of magnitudes o↵: charm
mixing. On the other hand, we found recently that charm lifetimes can be unexpectedly well
described within the SM. Finally, we show that the seemingly huge discrepancy in charm mixing
could actually be due to small (as low as 20%) unknown non-perturbative e↵ects.

2.1 Charm mixing

Diagonalisation of the 2⇥ 2 matrix describing the mixing of the neutral D mesons gives the
same eigenvalue equations as in the neutral B systems:

�M
2

D � 1

4
��2

D = 4
��MD

12

��2 �
���D

12

��2 , �MD��D = 4
��MD

12

�� ���D
12

�� cos(�D
12

) , (5)
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As the authors state, the amplitude T contains matrix elements of di↵erent topologies, which
can generate non-trivial strong phases in T , as one can see in section 3.1 – this is neglected
in the current version. Moreover, note that in the determination of P the authors of Ref. [60]
neglected pure penguin operator contributions Qi�3 due to smallness of the corresponding
Wilson coe�cients. It is also important to stress that they used the calculation ofthe penguin
topology hadronic matrix elements of B ! ⇡⇡ decays performed in Refs. [61, 62] and adapted
it for D meson decays. In the analysis only contributions due to two-particle twist-2 and
twist-3 of the pion (kaon) light-cone distribution amplitudes were kept. But in the case of the
charm meson decays such a computation su↵ers from larger uncertainties due to higher power
corrections ⇠ ⇤QCD/mc, which are more sizeable compared to the case of B meson decays.

Therefore one could improve this analysis by computing higher twist e↵ects in the OPE for
the underlying correlation functions, which is, however, beyond the scope of the current paper.
As a naive estimate of the possible size of the higher (> 3) twist e↵ects, higher perturbative
radiative correction and missing terms in OPE proportional to O(s0/m2

D) we expect values with
larger uncertainties:

����
P

T

����
⇡+⇡�

= 0.093 ± 0.030 ,

����
P

T

����
K+K�

= 0.075 ± 0.035 , (25)

which would then modify the SM bound for �ACP to

|�ACP |  (2.0 ± 1.0) ⇥ 10�4
. (26)

Therefore, one could significantly improve this analysis by computing higher twist e↵ects in
the OPE for the underlying correlation functions.

Finally, one could compute both T and P hadronic matrix elements entirely with the LCSR
method. In that case, one would be able to predict the relative strong phases and as a conse-
quence get a more robust SM prediction for �ACP , instead of the estimate in Eq. (23). This is
a time intensive calculation and we postpone it to a future study.

4 BSM explanations of CP violation in charm decays

One of the simplest explanations of the anomaly relies on extending the SM with a Z
0 with

flavour-non-diagonal couplings. The new physics contribution needs to explain the di↵erence
between the SM prediction and the experimental value. In this case it is su�cient to introduce
a change to �ACP of size

�NP = �A
exp
CP � �A

SM
CP = (�13.4 ± 2.9) ⇥ 10�4

. (27)

We will assume that the relevant Lagrangian reads:

L =
1

2
m

2

Z0Z
0
µZ

0µ + Z
0
µ


gdddL�

µ
dL + gsssL�

µ
sL + (gcuuL�

µ
cL + h.c.)

�
. (28)

The amplitude of the D
0 ! K

+
K

� decay in this case takes the form

A =
GFp

2
(�sT + �bP ) +

1

4

gcugss

m2

Z0
ABSM =

GFp
2
�sT


1 +

�b

�s

P

T
+ g̃

2

sÃ
s
BSM

�
, (29)
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Flavour V: Charm Sector

for �
D
12

are not yet excluded. After settling the issues with the inclusive theory prediction for
�D
12

one could aim for a quark level determination of M
D
12

. On a very long time-scale, direct
lattice calculations might also be able to predict the SM values for D-mixing by building up
on methods described in [58].

We turn now to the theoretical description of �ACP with an increased confidence in the
applicability of our theory to the charm sector.

3 SM prediction for �ACP

3.1 Naive expectation

The amplitude of the singly Cabibbo suppressed (SCS) decay D
0 ! ⇡

+
⇡
� can be expressed

as
A(D0 ! ⇡

+
⇡
�) = VcdV

⇤
ud

�
ATree + A

d
Peng.

�
+ VcsV

⇤
usA

s
Peng. + VcbV

⇤
ubA

b
Peng. , (15)

where we have split the amplitude into a tree-level amplitude ATree with the CKM structure
VcdV

⇤
ud and three penguin contributions A

q
Peng. with the internal quark q = d, s, b and the CKM

structure VcqV
⇤
uq. All additional, more complicated, contributions like e.g. re-scattering e↵ects

can be put into the same scheme. Using the e↵ective Hamiltonian and the unitarity of the
CKM matrix we can rewrite this expression as [7]

A ⌘ GFp
2
�d T


1 +

�b

�d

P

T

�
, (16)

with the CKM structures �q = V
⇤
cqVuq. T contains pure tree-level contributions, but also penguin

topologies (P), weak exchange (E) insertions and rescattering (R) e↵ects and P consists of tree-
insertion of penguin operators and penguin-insertions of tree level operators:

T =
X

i=1,2

CihQd
i iT+P+E+R �

X

i=1,2

CihQs
i iP+R

,

P =
X

i>3

CihQb
iiT �

X

i=1,2

CihQs
i iP+R

. (17)

Physical observables, like branching ratios or CP asymmetries, can be expressed in terms of
|T |, |P/T | and the strong phase � = arg(P/T ) as

Br / G
2

F

2
|�d|2|T |2

����1 +
�b

�d

P

T

����
2

, (18)

a
dir

CP =
�2

��� �b
�d

��� sin �
��P
T

�� sin �

1 � 2
��� �b
�d

��� cos �
��P
T

�� cos � +
��� �b
�d

���
2 ��P

T

��2
⇡ �13 ⇥ 10�4

����
P

T

���� sin � , (19)

The branching ratios are quite well measured:

Br(D0 ! K
+
K

�) = (3.97 ± 0.07) ⇥ 10�3
,

Br(D0 ! ⇡
+
⇡
�) = (1.407 ± 0.025) ⇥ 10�3

, (20)

and can be used to extract the size of T . In the last line of Eq. (19) numbers from the web-
update of Ref. [28] have been used for �b, �d (|�b/�d| ⇡ 7⇥10�4) and � = 65.81�. The negative
sign in the CP asymmetry arises from the negative value of the CKM element Vcd. Since we
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and can be used to extract the size of T . In the last line of Eq. (19) numbers from the web-
update of Ref. [28] have been used for �b, �d (|�b/�d| ⇡ 7⇥10�4) and � = 65.81�. The negative
sign in the CP asymmetry arises from the negative value of the CKM element Vcd. Since we
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From experiment

have �d ⇡ ��s we expect di↵erent signs for the direct CP asymmetries in the ⇡
+
⇡
� and K

+
K

�

channels. In order to quantify the possible size of direct CP violation, we only need to know
P/T and the strong phase �. One can take the naive perturbative estimate |P/T | ⇡ 0.1 [7] and
get

��adir

CP

��  1.3 ⇥ 10�4
,

|�ACP | ⇡ 13 ⇥ 10�4

����

����
P

T

����
K+K�

sin �K+K� +

����
P

T

����
⇡+⇡�

sin �⇡+⇡�

����  2.6 ⇥ 10�4
. (21)

This upper bound is roughly an order of magnitude smaller than the current experimental value
in Eq. (4).

We will now discuss the LCSR calculation of �ACP in order to determine if it is possible
that non-perturbative e↵ects can enhance |P/T | by one order of magnitude.

3.2 LCSR estimate

Light-Cone Sum Rules (LCSR) [59] are a QCD based method allowing to determine hadronic
matrix elements including non-perturbative e↵ects. This method was used by the authors of
[60] to predict the CP asymmetries in the neutral D meson decays. In this paper, the values of
|T | were extracted from the experimental measurements of the branching ratios of D

0 ! K
+
K

�

and D
0 ! ⇡

+
⇡
�, and the complex values of P were derived using LCSR in the same way as it

was done before for non-leptonic B ! ⇡⇡ decays [61, 62]. Note that the authors do not predict
the relative strong phase between the tree-level T and penguin contribution P . As a result,
this relative phase remains a free parameter. Within this framework they get for the penguin
to tree ratio

����
P

T

����
⇡+⇡�

= 0.093 ± 0.011 ,

����
P

T

����
K+K�

= 0.075 ± 0.015 . (22)

It is interesting to note that these numbers agree very well with our naive estimates from the
previous section. Allowing for arbitrary relative strong phases, yields the following bounds for
the direct CP asymmetries:

|adir

CP (D0 ! ⇡
+
⇡
�)|  (1.2 ± 0.1) ⇥ 10�4

,

|adir

CP (D0 ! K
+
K

�)|  (0.9 ± 0.2) ⇥ 10�4
,

|�ACP |  (2.0 ± 0.3) ⇥ 10�4
, (23)

where the latter value is roughly between four and six standard deviations away from the
experimental measurement in Eq. (4).

In addition, the authors of Ref. [60] quote the following predictions:

a
dir

CP (D0 ! ⇡
+
⇡
�) = (�1.1 ± 0.1) ⇥ 10�4

,

a
dir

CP (D0 ! K
+
K

�) = (+0.9 ± 0.2) ⇥ 10�4
,

�ACP = (+2.0 ± 0.3) ⇥ 10�4
, (24)

based on the assumption of vanishing phases of the tree-level amplitudes T .
Because of the severe consequences of the results in Eq. (24) we would like to briefly inves-

tigate in what direction the work of Ref. [60] could be further improved and made even more
bullet-proof.
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Flavour VI: Charm Sector
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Figure 1: The values of |gcu| as a function of mZ0 that explain �NP = �13.4 ⇥ 10�4 (left
panel) and �NP = �7.6 ⇥ 10�4 (right panel). The dotted line corresponds to |Ãs

BSM | = 0.1,
the dashed-dotted line stands for |Ãs

BSM | = 1/3 and the dashed line corresponds to |Ãs
BSM | = 1.

They grey region is ruled out by D
0 � D

0

oscillations. We have fixed gss to the maximum value
allowed by collider experiments; see the text. Within the red region, the dominant constraint
comes from the Z width, while outside this region the dijet searches are more stringent.

with e =
p

4⇡↵ and sw and cw the sine and cosine of the Weinberg angle. The Z � Z
0 mixing

is of order cZ(mZ) = 0.024gss for ⇤ = O(1) TeV. This in turn introduces a correction to the
width of the Z boson [68]:

��Z

�Z
=

gsscZswcwVd

3g(1 � M2

Z0/M
2

Z)(2V 2
u + 3V 2

d + 5/16)
, (36)

where Vu,d = ±1/4 � (3 ± 1)s2w/6. This translates to a bound on gss, which we show in Fig. 1.

The guc coupling induces D
0 � D

0

mixing. We take the limit from Ref. [17] and show it
also in the Fig. 1. At first, it may seem that since the experimental value of x has changed by
a factor of two since the analysis of Ref. [17], this analysis may be no longer applicable in its
original form. However, the relevant change in the range of possible long-distance contribution
to the M12 due to change in x is only 10%. In order to repeat the method of Ref. [17] we would
need to scan over a range M

LD
12

2 [�0.017, 0.017] and �LD
12

2 [�0.036, 0.036], as compared to
previous ranges of M

LD
12

2 [�0.02, 0.02] and �LD
12

2 [�0.04, 0.04]. For this reason, we simply
adopt the previous results.

We note that the central value of the LHCb measurement can be explained within this
model provided mZ0 . 80 GeV. It may seem possible to avoid the dijet bounds by allowing
the Z

0 to decay into other final states. However, this is not the case. The cross-sections for Z
0

decaying into two particle final states such as light leptons, taus and bottoms are constrained
to be a factor of ⇠ 3000, ⇠ 100 and ⇠ 30 smaller than the dijet cross-section [69, 70, 71].
On other hand, invisible decays of the Z

0 are severely constrained by the monojet searches as
shown in Ref [72]. The fact that we can resolve �A

Exp

CP for mZ0 < 80 GeV motivates further
searches for light Z

0 bosons.
Had we assumed that the anomaly is due mostly to the ⇡

+
⇡
� decay, the production cross-

section for Z
0 would be enhanced by the larger d-quark parton distribution functions by a factor

of x ⇠ 4. This would increase the guc necessary to explain the �A
exp
CP by a factor of

p
x ⇠ 2,

e↵ectively ruling out most of the parameter space of the model. In principle, it is possible to
arrange for the new physics to contribute to �ACP from both K

+
K

� and ⇡
+
⇡
� decays, but

10

• Is this BSM? We think it may be: [1903.10490]


• Heavy gluon does not work, since 2013 the monojet searches have 
improved.


•  But a light Z’ does


• How about the I=1/2 rule?

!22



Baryogenesis

Sakharov Conditions imply out of equilibrium stage during Cosmology:


• Phase transitions: Gravitational Waves, Deformed Power 
Spectrum, Change of scalar sector


• Long lived particles: Recent LHC efforts on improving tracking, 
MATHUSLA etc.


• Neutrinos: chance to connect different problems


But there are Baryogenesis scenarios that avoid the Sakharov 
conditions — so don’t get your hopes up (Spontaneous Baryogenesis)

⌘ ⌘ nb

s
= 10�10
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Baryogenesis: Long Lived 
ParticlesLLP and Dark sectors: PBC proposals 

3/07/2018 Monica D'Onofrio, Durham 

Complementary experimental ideas

SHIP

⇠ 1000 m3, ⇠ 100M CHF

Alekhin et al. (2015)

MATHUSLA

⇠
2⇥ 105 m3 ⇠1 IKEA, $50M

Chou, Curtin & Lubatti (2016)

Curtin & Peskin (2017)

CODEX-b

⇠ 1000 m3

Gligorov, Knapen, Papucci, Robinson (2016)

FASER

⇠ 1 m3 ⇠ 5µIKEAs

Feng, Galon, Kling & Trojanowski (2017)

Iftah Galon - Rutgers, NHETC April 4, 2018 HL/HE LHC Meeting 30

Credits: I. Galon at FNAL workshop on HL/HE-LHC (4-6 April 2018) 

Target complementary life-time and kinematic regions (forward and central, short and long) 
Note: CepC and FCC could incorporate the basic of these experiments from the beginning  

L = 480 m downstream 
from ATLAS/CMS IP 

40 [Stolen from Monica D’Onofrio]!24



Neutrino Sector
Too many options with many scale choices: Consider Seesaw mechanisms

Type I Type II Type III

x x x x

xx

m⌫ = Y T
N

1

MN
YNv2

<latexit sha1_base64="9ycKWiZC/Uldaph3WiJMBWJWC74=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSlIE3QhFN24sFfqSJg2T6aQdOpmEmUmhhHyAG3/FjQtF3PoB7vwbJ20W2npg4HDOudy5x4sYlco0v42V1bX1jc3CVnF7Z3dvv3Rw2JZhLDBp4ZCFoushSRjlpKWoYqQbCYICj5GON77J/M6ECElD3lTTiDgBGnLqU4yUltxSOXBtHsMr+ODW+01o+wLhxEqTO7eeZhqc9Ks6ZVbMGeAysXJSBjkabunLHoQ4DghXmCEpe5YZKSdBQlHMSFq0Y0kihMdoSHqachQQ6SSzY1J4qpUB9EOhH1dwpv6eSFAg5TTwdDJAaiQXvUz8z+vFyr90EsqjWBGO54v8mEEVwqwZOKCCYMWmmiAsqP4rxCOk+1C6v6IuwVo8eZm0qxXLrFj35+XadV5HARyDE3AGLHABauAWNEALYPAInsEreDOejBfj3fiYR1eMfOYI/IHx+QMtpZnI</latexit><latexit sha1_base64="9ycKWiZC/Uldaph3WiJMBWJWC74=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSlIE3QhFN24sFfqSJg2T6aQdOpmEmUmhhHyAG3/FjQtF3PoB7vwbJ20W2npg4HDOudy5x4sYlco0v42V1bX1jc3CVnF7Z3dvv3Rw2JZhLDBp4ZCFoushSRjlpKWoYqQbCYICj5GON77J/M6ECElD3lTTiDgBGnLqU4yUltxSOXBtHsMr+ODW+01o+wLhxEqTO7eeZhqc9Ks6ZVbMGeAysXJSBjkabunLHoQ4DghXmCEpe5YZKSdBQlHMSFq0Y0kihMdoSHqachQQ6SSzY1J4qpUB9EOhH1dwpv6eSFAg5TTwdDJAaiQXvUz8z+vFyr90EsqjWBGO54v8mEEVwqwZOKCCYMWmmiAsqP4rxCOk+1C6v6IuwVo8eZm0qxXLrFj35+XadV5HARyDE3AGLHABauAWNEALYPAInsEreDOejBfj3fiYR1eMfOYI/IHx+QMtpZnI</latexit><latexit sha1_base64="9ycKWiZC/Uldaph3WiJMBWJWC74=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSlIE3QhFN24sFfqSJg2T6aQdOpmEmUmhhHyAG3/FjQtF3PoB7vwbJ20W2npg4HDOudy5x4sYlco0v42V1bX1jc3CVnF7Z3dvv3Rw2JZhLDBp4ZCFoushSRjlpKWoYqQbCYICj5GON77J/M6ECElD3lTTiDgBGnLqU4yUltxSOXBtHsMr+ODW+01o+wLhxEqTO7eeZhqc9Ks6ZVbMGeAysXJSBjkabunLHoQ4DghXmCEpe5YZKSdBQlHMSFq0Y0kihMdoSHqachQQ6SSzY1J4qpUB9EOhH1dwpv6eSFAg5TTwdDJAaiQXvUz8z+vFyr90EsqjWBGO54v8mEEVwqwZOKCCYMWmmiAsqP4rxCOk+1C6v6IuwVo8eZm0qxXLrFj35+XadV5HARyDE3AGLHABauAWNEALYPAInsEreDOejBfj3fiYR1eMfOYI/IHx+QMtpZnI</latexit><latexit sha1_base64="9ycKWiZC/Uldaph3WiJMBWJWC74=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSlIE3QhFN24sFfqSJg2T6aQdOpmEmUmhhHyAG3/FjQtF3PoB7vwbJ20W2npg4HDOudy5x4sYlco0v42V1bX1jc3CVnF7Z3dvv3Rw2JZhLDBp4ZCFoushSRjlpKWoYqQbCYICj5GON77J/M6ECElD3lTTiDgBGnLqU4yUltxSOXBtHsMr+ODW+01o+wLhxEqTO7eeZhqc9Ks6ZVbMGeAysXJSBjkabunLHoQ4DghXmCEpe5YZKSdBQlHMSFq0Y0kihMdoSHqachQQ6SSzY1J4qpUB9EOhH1dwpv6eSFAg5TTwdDJAaiQXvUz8z+vFyr90EsqjWBGO54v8mEEVwqwZOKCCYMWmmiAsqP4rxCOk+1C6v6IuwVo8eZm0qxXLrFj35+XadV5HARyDE3AGLHABauAWNEALYPAInsEreDOejBfj3fiYR1eMfOYI/IHx+QMtpZnI</latexit>

m⌫ = Y�
µ

M2
�

v2

<latexit sha1_base64="zpsF4aTekEhMOji0m/tzQxq7siw=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDJTBN0IRV24ESrYh3TaIZNm2tAkMySZQhn6EW78FTcuFHHrwp1/Y9rOQlsPXDiccy/33hPEjCrtON9Wbml5ZXUtv17Y2Nza3rF39+oqSiQmNRyxSDYDpAijgtQ01Yw0Y0kQDxhpBIOrid8YEqloJO71KCZtjnqChhQjbSTfPuG+JxJ4AR9875owjaAXSoRTjyfj9DbTOuUxHHbKvl10Ss4UcJG4GSmCDFXf/vK6EU44ERozpFTLdWLdTpHUFDMyLniJIjHCA9QjLUMF4kS10+lTY3hklC4MI2lKaDhVf0+kiCs14oHp5Ej31bw3Ef/zWokOz9spFXGiicCzRWHCoI7gJCHYpZJgzUaGICypuRXiPjKhaJNjwYTgzr+8SOrlkuuU3LvTYuUyiyMPDsAhOAYuOAMVcAOqoAYweATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8AW+lnc0=</latexit><latexit sha1_base64="zpsF4aTekEhMOji0m/tzQxq7siw=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDJTBN0IRV24ESrYh3TaIZNm2tAkMySZQhn6EW78FTcuFHHrwp1/Y9rOQlsPXDiccy/33hPEjCrtON9Wbml5ZXUtv17Y2Nza3rF39+oqSiQmNRyxSDYDpAijgtQ01Yw0Y0kQDxhpBIOrid8YEqloJO71KCZtjnqChhQjbSTfPuG+JxJ4AR9875owjaAXSoRTjyfj9DbTOuUxHHbKvl10Ss4UcJG4GSmCDFXf/vK6EU44ERozpFTLdWLdTpHUFDMyLniJIjHCA9QjLUMF4kS10+lTY3hklC4MI2lKaDhVf0+kiCs14oHp5Ej31bw3Ef/zWokOz9spFXGiicCzRWHCoI7gJCHYpZJgzUaGICypuRXiPjKhaJNjwYTgzr+8SOrlkuuU3LvTYuUyiyMPDsAhOAYuOAMVcAOqoAYweATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8AW+lnc0=</latexit><latexit sha1_base64="zpsF4aTekEhMOji0m/tzQxq7siw=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDJTBN0IRV24ESrYh3TaIZNm2tAkMySZQhn6EW78FTcuFHHrwp1/Y9rOQlsPXDiccy/33hPEjCrtON9Wbml5ZXUtv17Y2Nza3rF39+oqSiQmNRyxSDYDpAijgtQ01Yw0Y0kQDxhpBIOrid8YEqloJO71KCZtjnqChhQjbSTfPuG+JxJ4AR9875owjaAXSoRTjyfj9DbTOuUxHHbKvl10Ss4UcJG4GSmCDFXf/vK6EU44ERozpFTLdWLdTpHUFDMyLniJIjHCA9QjLUMF4kS10+lTY3hklC4MI2lKaDhVf0+kiCs14oHp5Ej31bw3Ef/zWokOz9spFXGiicCzRWHCoI7gJCHYpZJgzUaGICypuRXiPjKhaJNjwYTgzr+8SOrlkuuU3LvTYuUyiyMPDsAhOAYuOAMVcAOqoAYweATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8AW+lnc0=</latexit><latexit sha1_base64="zpsF4aTekEhMOji0m/tzQxq7siw=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDJTBN0IRV24ESrYh3TaIZNm2tAkMySZQhn6EW78FTcuFHHrwp1/Y9rOQlsPXDiccy/33hPEjCrtON9Wbml5ZXUtv17Y2Nza3rF39+oqSiQmNRyxSDYDpAijgtQ01Yw0Y0kQDxhpBIOrid8YEqloJO71KCZtjnqChhQjbSTfPuG+JxJ4AR9875owjaAXSoRTjyfj9DbTOuUxHHbKvl10Ss4UcJG4GSmCDFXf/vK6EU44ERozpFTLdWLdTpHUFDMyLniJIjHCA9QjLUMF4kS10+lTY3hklC4MI2lKaDhVf0+kiCs14oHp5Ej31bw3Ef/zWokOz9spFXGiicCzRWHCoI7gJCHYpZJgzUaGICypuRXiPjKhaJNjwYTgzr+8SOrlkuuU3LvTYuUyiyMPDsAhOAYuOAMVcAOqoAYweATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8AW+lnc0=</latexit>
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Neutrino Sector: musings
• We will learn about the light neutrino mass from Cosmology (for 

caveat see the next talk) and from Katrin.


• Unfortunately, knowing LH masses, does not teach us much.


• The seesaw scales have a range from 100GeV — 10^15 GeV.


• There are ways to connect Leptogenesis to the RH Neutrino 
(around 10^10 GeV).


• There are great new ways to generate the Lepton Flavour 
structures [1812.02158]


• Sometimes, the best constraints on Neutrino mass generation 
comes from indirect effects in the scalar sector [1710.09683]
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Just because we can? 
We should!!!

Long-lived particles  

3/07/2018 Monica D'Onofrio, Durham 

}  Particles decaying non-promptly are one of the major 
targets of HL-LHC experiments and beyond   

Synergy among ATLAS, CMS and LHCb experiments 
•  Target complementary lifetimes and mass ranges A few examples 

Run 2 LLP analyses on ATLAS

3 graphic credit: Heather Russell
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List Again
Hierarchy Problem: Why there should be new physics close


Baryogenesis: Definitely there, interesting parameter space


Dark Matter: Definitely there, complementarity


Flavour: Hints of anomalies. New scales that are close.


Neutrino Sector: Definitely there, but where?


H0 tension, Dark Energy: For another day…


Just because we can: Because we should
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Conclusions: 
This is where I am going to be excessively positive

• On one hand, it is sad that low scale SUSY was not the answer. But then again, 
imagine that all we were doing now was classifying which SUSY scenario we are in…


• On the other hand, we have learned something: Nature is cheeky, clever and 
mischievous and we will have to be much more clever to figure out what is happening.


• This leads to several things:

• We have to be even more clever, systematic and imaginative

• We have to abandon some silly ideas about beauty (which was always in the eye of 

the beholder)

• With a much larger class of models available (reduced symmetry), we need to start 

using different principles to decide what is worth pursuing and what is not 
(experimental feasibility comes to mind)


• If you can’t bump hunt, you need to learn to calculate tails


• Machine learning will be useful to deal with the chaos, but only if we use it intelligently.


• More than ever, we need to consult Astro and Cosmo people: less symmetry means 
we need more measurements.
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