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PR  /  012/15
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1

Of  use

Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  under  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)

Application  deadline

07/03/2015

Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-S-Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given

December 15, 2022
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What's next in High-Energy Physics?
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HEP after the Higgs Discovery
“The experiment worked better than 

expected and the analysis uncovered a 
very difficult to find signal”

a string theorist
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HEP after the Higgs Discovery
“The experiment worked better than 

expected and the analysis uncovered a 
very difficult to find signal”

a string theorist

...but the experimentalists haven’t found what the theorists told 
them they will find in addition to the Higgs boson: 

no susy, no BH, no extra dimensions, nothing ...

Remember May 1, 2003

“Mission accomplished” speech by G.W. Bush

That was certainly not the end of the story
and there were (are) still a lot things to do

2

Great success...
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Probing the Unknown
The Standard Model is not enough:

Many questions about the Universe (Dark Energy, DM, Matter-Antimatter) + anomalies (galactic center excess, H0 tension);
Several puzzling colliders data (B-anomalies in particular, but flavour hierarchy and CP in general, g-2…);

 And many theory questions (BH information paradox, unification, hierarchy, confinement…).

No doubt that there is something else beyond SM.
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Probing the Unknown
The Standard Model is not enough:

Many questions about the Universe (Dark Energy, DM, Matter-Antimatter) + anomalies (galactic center excess, H0 tension);
Several puzzling colliders data (B-anomalies in particular, but flavour hierarchy and CP in general, g-2…);

 And many theory questions (BH information paradox, unification, hierarchy, confinement…).

Cosmology frontier Energy frontierAstroparticle frontier

— no clear path BSM : new tools needed to explore different horizons — 

Intensity frontier

No doubt that there is something else beyond SM.
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 SM confirmed to high accuracy up to energies of several TeV

 Higgs boson discovered

 Absence of new physics
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Traditional New Physics models are under siege

New approaches: relaxion, Nnaturalness, clockwork…

4

The LHC Legacy (so far)

 SM confirmed to high accuracy up to energies of several TeV

 Higgs boson discovered

 Absence of new physics

Naturalness agents might not explain DM/baryonesis

Dark Sector/Cosmology might set the weak scale

The remarkable and successful operation of the LHC 
(made possible thanks to technological advancements, accelerator performance, detector resolution, high-performance computing 

and data handling, higher-order theoretical calculations) 
also changed the nature of the LHC itself:

☺ not only an exploration machine but performs legacy precision measurements,
☺ a multi-messenger experiment on its own.
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LHC Achievements

6

QCD dynamics

• Countless precise measurements of hard cross sections, and improved 
determinations of the proton PDF

• Measurement of total, elastic, inelastic pp cross sections at different energies, new 
inputs for the understanding of the dominant reactions in pp collisions

• Exotic spectroscopy: discovery and study of new tetra- and penta-quarks, doubly 
heavy baryons, expected sensitivity to glueballs

• Discovery of QGP-like collective phenomena (long-range correlations, strange and 
charm enhancement, …) in “small” systems (pA and pp)

EW param’s and dynamics

• mW, mtop, sin2θW

• EW interactions at the TeV scale (DY, VV, VVV, VBS, VBF, Higgs, …)

Not only Higgs and BSM !

Flavour physics
• B(s) →μμ
• D mixing and CP violation in the D system
• Measurement of the γ angle, CPV phase φs, …
• Lepton flavour universality in charge- and neutral-current 

semileptonic B decays => possible anomalies ?

LHC ≈ 100’s scientifically 
“independent” experiments, which 
historically would have required 
different detectors and facilities, 
built and operated by different 

communities.

LHC advanced the knowledge
acquired at previous facilities.

LHC complements future facilities 

Flavour Physics

QCD Dynamics

EW Parameters and Dynamics

1

2

3

M. Mangano @ CERN Summer Students 2021
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The experimental program (LHC and beyond) should have the opportunity 
to refine our “model” of the Universe and answer some of the open questions 

• Infer the vacuum structure of the Universe 
• Reveals the dynamics of the EW phase transition and infer the fate of the EW vacuum 
• Identify DM, DE 
• Understand the origin of flavor 
• …

Message to outside world

4

4
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LHC: driving cultural change forward
Absence (so far) of new physics where it was expected (TeV)  

& 
progresses in string theory/quantum gravity (swampland, no global symmetries) 

question our description of Nature in terms of effective quantum field theories 
(non-locality, IR/UV correlation)
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LHC: driving cultural change forward
Absence (so far) of new physics where it was expected (TeV)  

& 
progresses in string theory/quantum gravity (swampland, no global symmetries) 

question our description of Nature in terms of effective quantum field theories 
(non-locality, IR/UV correlation)

cosmological naturalness power counting

⇠
✓
µ2M2

⇤

⇤2q

H

◆2

⇥ (gH⇤H)4(2q�1)�2·2q

(16⇡2)2q�1

Figure 4.27: Schematic diagram giving loop corrections to the potential V� from two insertions
of VH�. The scalar � is denoted by a continuous line, the 2q Higgs propagators by dashed lines.

for QCD (note that f⇡ depends on hhi). A similar result holds for BSM gauge groups whose
quarks get part of their mass from the Higgs. 2) �nH1H2 [153]:

ṽ2q�jhhij = sin 2�

2
hhi2 (4.180)

and 3) �n|H|2 [285,319,369]: ṽ2q�jhhij = hhi2.
To select the weak scale, we need the Higgs-induced part of the potential VhHi� to be com-

parable to the Higgs-independent part V� when hhi ' v, as sketched in Fig. 4.26. Alternatively,
if the mechanism involves, for instance, stopping a slow-rolling scalar, we want the first deriva-
tives with respect to � to be comparable [118]. With our parametrization of the potential these
two conditions lead parametrically to the same result

m2

�

µ2
' ṽ2q�jvj

⇤2q

H

. v2q

⇤2q

H

. (4.181)

This shows that the separation between the weak scale and the Higgs cuto↵ is given by an
approximate symmetry on � that protects its mass and potential. Furthermore, it gives a
smoking-gun signature for these models. If we measure the � mass, its coupling to the SM µ
and the Higgs cuto↵ ⇤H , we can test Eq. (4.181).

We can go even further and obtain an upper bound on m� that depends only on the cuto↵
scales M⇤, ⇤H , by noticing that µ2 has two upper bounds. One is determined by experiment,
since µ2 sets the strength of � interactions with the SM. The other one comes from quantum
corrections, since integrating out the SM beyond tree-level can generate contributions to V�,
but to select the weak scale V� cannot be too large (i.e. it has to be comparable to the tree-level
Higgs-induced potential VhHi� when hhi ' v). We now use these constraints to derive upper
bounds on m� for three di↵erent types of couplings of � to the SM.

The simplest example is given by the �|H|2 coupling. Let us first consider the impact of
quantum corrections on µ. In this case the leading contribution to V� is from a single insertion
of VH�,

VH� = µ2M⇤ �
|H|2
⇤2

H

. (4.182)

By closing the Higgs loop we see that (barring fine-tuning) m2

�
& g2

H
µ2/16⇡2, with gH being a

coupling in the Higgs sector. This takes into account that Higgs loop integrals are cut o↵ by a
mass scale gH⇤H (and not a vev ⇤H). Eq. (4.181) supplemented by this condition on µ shows
that a cosmological selection mechanism with the trilinear coupling �|H|2 can solve only the
little hierarchy problem

gHµ . 4⇡m� ! gH⇤H . 4⇡v . (4.183)

128
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Absence (so far) of new physics where it was expected (TeV)  

& 
progresses in string theory/quantum gravity (swampland, no global symmetries) 

question our description of Nature in terms of effective quantum field theories 
(non-locality, IR/UV correlation)

“Intensity frontier” is not only about precise measurements but 
it could reveal light and weakly coupled structures as solution to the main open HEP questions. 
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What is the scale of New Physics?

small FCNC:

tiny neutrino masses:

slow proton decay:

High Scale Wishes

gFµ⌫ ̄H�
µ⌫
 

M
2
NP

(LH)2

MNP

UUDE

M2
NP

Low Scale Wishes

light susy?

small EDMs:

tiny vacuum energy:

light Higgs boson:

argdetY  10�10

m2
H

⇡ M2
NP � (125GeV)2

⇤ ⇡ M4
NP �

�
10�3eV

�4
axion?

?

↪

↪

↪

103TeV?

1014GeV?

1016GeV?“I
R

 S
im

pl
ic

ity
”

“N
aturalness”

Where is everybody?

 compressed spectra 

 displaced vertices

 no MET, soft decay products, long decay chains

 uncoloured new physics

even new physics at few hundreds of GeV might be difficult to see and could escape LHC detection

    

  

  

 R-susy

 Neutral naturalness 
     (twin Higgs, folded susy)

 Relaxion

We know for sure that New Physics exists.
But no clear indication of the energy scale to probe.

We need a broad, versatile and ambitious programme that
1. will achieve legacy precision measurements

2. can push the frontiers of the unknown
A new collider after LHC should combine these two aspects

More SENSIVITY, more PRECISION, more ENERGY 
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Why More Precision?

Indirect sensitivity to New Physics (see quantitative concrete examples later)1

c

⇤2
< �

LEP 
(106 Z)

FCC-ee/CEPC 
(1012 Z)

c

⇤2
< 10�3� i.e. improve bounds by 

a factor 1000 on c

a factor 30 on  Λ

stat. dominated

observables
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The precise values of the Higgs couplings control the structure of matter/Universe

2

   mW, mZ  ↔ Higgs couplings

lifetime of stars
(why tSun~ tlife evolution?)

✓
nuclei stabilitysize of atoms

?
   me, mu, md  ↔ Higgs couplings

?
       matter/anti-matter ↔ CPV in Higgs sector

?
EW @ t~10-10s ↔ Higgs self-coupling

Why More Precision?

Indirect sensitivity to New Physics (see quantitative concrete examples later)1

c
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< �

LEP 
(106 Z)
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(1012 Z)

c
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< 10�3� i.e. improve bounds by 

a factor 1000 on c

a factor 30 on  Λ

stat. dominated
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Effective Field Theory

(can be easily seen by counting powers of             )

= field operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefficients: number of fields in 
independently of D 

Cohen,Kaplan,Nelson’97; Luty’97 
Giudice,Grojean,Pomarol,Rattazzi,’07

Motivation for precision tests:
Organisation

Why EFT?

Self-Consistency Check

SM test ➙ New Physics Search
e.g. E/Λ  expansion = hierarchy between departures from SM

Perturbativity (E/⇤, coupling ⇥ v/⇤) ⌧ 1

relevant experiment energy

Under what conditions does it faithfully describe some BSM at low-energy?
When is it justified to truncate the EFT expansion at dimension-6? Exceptions?

c(D)
i ⇠ (coupling)ni�2

Dimensional arguments impose
ni=number of fields in operator  

   (independant of D)

generically, (coupling ~ g*) coupling of New Physics to SM 
but there might exist “selection rules” that lead to other scaling

O
(D)
i

The values of the EFT interactions among SM fields will reveal the “selection 
rules” of the SM, with intimate links to new structure/symmetries3

Why More Precision?
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Effective Field Theory

(can be easily seen by counting powers of             )

= field operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefficients: number of fields in 
independently of D 

Cohen,Kaplan,Nelson’97; Luty’97 
Giudice,Grojean,Pomarol,Rattazzi,’07

Motivation for precision tests:
Organisation

Why EFT?

Self-Consistency Check

SM test ➙ New Physics Search
e.g. E/Λ  expansion = hierarchy between departures from SM

Perturbativity (E/⇤, coupling ⇥ v/⇤) ⌧ 1

relevant experiment energy

Under what conditions does it faithfully describe some BSM at low-energy?
When is it justified to truncate the EFT expansion at dimension-6? Exceptions?

Operator Naive (maximal) Symmetry/Selection Rule

scaling with g⇤ and corresponding suppression

Oy = |H|
2 ̄LH R g3⇤ Chiral: yf/g⇤

OT = (1/2)

✓
H†

$
DµH

◆2

g2⇤ Custodial: (g0/g⇤)2, y2t /16⇡
2

OGG = |H|
2Ga

µ⌫G
aµ⌫

OBB = |H|
2Bµ⌫Bµ⌫

g2⇤

Shift symmetry: (yt/g⇤)2

Elementary Vectors: (gs/g⇤)2 (for OGG)

(g0/g⇤)2 (for OBB)

Minimal Coupling: g2⇤/16⇡
2

O6 = |H|
6 g4⇤ Shift symmetry: �/g2⇤

OH = (1/2)(@µ|H|
2
)
2 g2⇤ Coset Curvature: ✏c

OB = (i/2)

✓
H†

$
DµH

◆
@⌫Bµ⌫

g⇤
Elementary Vectors: g0/g⇤ (for OB)

g/g⇤ (for OW )

OW = (i/2)

✓
H†�a

$
DµH

◆
@⌫W a

µ⌫

OHB = (i/2)
�
DµH†D⌫H

�
Bµ⌫

OHW = (i/2)
�
DµH†�aD⌫H

�
W a

µ⌫

g⇤

Elementary Vectors: g0/g⇤ (for OHB)

g/g⇤ (for OHW )

Minimal Coupling: g2⇤/16⇡
2

Table 1: Some operators relevant for Higgs physics and the impact of approximate symmetries

on the estimated size of their coe�cient [6]. The coe�cient ✏c parametrizes the possibility that

the Higgs doublet originates as a PNGB from the flat coset ISO(4)/SO(4) [36] (see also [37]).

A suppression gV /g⇤ for every field strength (referred to as Elementary Vectors in the table),

applies to all models where the transverse components of gauge bosons are elementary. See

Ref. [36] for a construction where transverse gauge bosons are composite and have strong

dipole interactions.

These inequalities determine the region of the plane (⇤, g⇤) which is excluded consistently with

the EFT expansion for a given . This is a conservative bound, since it is obtained by using

only a subset of the events (e↵ectively only those with relevant energy up to Mcut = ⇤). It

is thus less stringent than the bound one would obtain in the full theory with the full dataset,

but it is by construction consistent with the EFT expansion. Compared to the constraint

implied by the full theory with the same reduced dataset, that of Eq. (2.2) has an error of

order 2. For constraints obtained in this way, and for a valid EFT description in general, no

question of unitarity violation arises (see for example Ref. [38] for a discussion of this issue

in the context of anomalous triple gauge couplings).
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Dimensional arguments impose
ni=number of fields in operator  

   (independant of D)

generically, (coupling ~ g*) coupling of New Physics to SM 
but there might exist “selection rules” that lead to other scaling

O
(D)
i

The values of the EFT interactions among SM fields will reveal the “selection 
rules” of the SM, with intimate links to new structure/symmetries3

Why More Precision?

https://arxiv.org/abs/1604.06444
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Effective Field Theory

(can be easily seen by counting powers of             )

= field operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefficients: number of fields in 
independently of D 

Cohen,Kaplan,Nelson’97; Luty’97 
Giudice,Grojean,Pomarol,Rattazzi,’07
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The values of the EFT interactions among SM fields will reveal the “selection 
rules” of the SM, with intimate links to new structure/symmetries3

Precision physics exp. (EDMs, g-2…) usually constrains one operator.  
Need a collider to have access to several of them and  

then understand the underlying structure.

Why More Precision?

https://arxiv.org/abs/1604.06444
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Standard Model Now
Many thanks to J. De Blas et al. (HEPfit)  

for the analysis of current data (work in progress)  
and to A. Paul for plotting the results

EW

Higgs

TGC

EW known at 0.1%
TGC known at 1%

Higgs known at 10%
This hierarchy limits the correlations

between the 3 sectors
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The man of the game (still):                 
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What is the origin of the 
vast range of quark and 
lepton masses in the 
Standard Model? 

• Are there modified interactions 
to the Higgs boson and known 
particles?


• Does the Higgs decay into 
pairs of quarks and leptons 
with distinct flavours (for 
example, H → μ+τ-)? 

Why is the electroweak 
interaction so much 
stronger than gravity? 

• Are there new particles 
close to  the mass of the 
Higgs boson?


• Is the Higgs boson 
elementary or made of other 
particles?


• Are there anomalies in the 
interactions of the Higgs 
with the W and Z?

Why is there more 
matter than antimatter in 
the universe? 

• Are there charge-parity 
violating Higgs decays? 


• Are there anomalies in the  
Higgs self-coupling that 
would imply a strong first-
order early-universe 
electroweak phase 
transition?


• Are there multiple Higgs 
sectors?

What is the origin of the 
early-universe inflation? 

• Is the Higgs connected to the 
mechanism that drives inflation?


• Are there any imprints in 
cosmological observations?

What is dark matter? 

• Can the Higgs provide a 
portal  to dark matter or a 
dark sector?


• Is the Higgs lifetime 
consistent with the 
Standard Model? 


• Are there new decay 
modes of the Higgs? 

Higgs     
boson

Possible connections of the 
Higgs to major open questions

42Salam, Wang, GZ Nature 607 (2022) 7917

The man of the game (still):                 Higgs!
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What do I want to know?

• Is there something beyond the SM? And how can Higgs physics help us discover 
this?
• Precision measurements and theory
• Effective Field Theory as a tool
• Better understanding of searches

What do we learn from Higgs 
precision measurements?

Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

Snowmass Higgs report, 2209.07510S. Dawson, Higgs2022 3

Snowmass Higgs report 2209.07510

The man of the game (still):                 Higgs!

https://inspirehep.net/literature/2152236
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3

This has profound consequences both theoretically and experimentally. From our modern understanding of quantum
field theory viewed through the lens of Wilsonian renormalization, fundamental scalars should not exist in the low
energy spectrum without an ultra-violet (UV) sensitive fine tuning. This is known as the naturalness or hierarchy
problem. From studying properties of the Higgs boson, one can hope to learn whether there is some larger symmetry
principle at work such as supersymmetry, neutral naturalness, or if the correct theory is a composite Higgs model
where the Higgs is a pseudo-Goldstone boson.

Experimentally, there are also a number of intriguing directions that open up if the Higgs boson is a fundamental
particle. The most straightforward question is whether the Higgs boson is unique as the only scalar field in our
universe or is it just the first of many? From a field theoretic point of view, one can construct the lowest dimension
gauge and Lorentz invariant operator in the SM from the Higgs boson alone. This means that generically if there
are other “Hidden” sectors beyond the SM, at low energies the couplings of the Hidden sector particles to the Higgs
boson are predicted to be the leading portal to the additional sectors. Additionally, with a scalar particle the question
remains as to whether the minimal Higgs potential is correct. The form of the potential has repercussions for both our
understanding of the early universe and its ultimate fate. For the early universe, the SM predicts that the electroweak
symmetry should be restored at high temperatures. However, depending on the actual form of the potential the
question remains as to whether there even was a phase transition, let alone its strength. Additionally, depending on
the shape of the Higgs potential, it controls the future of our universe as our vacuum may only be metastable.

Finally, the Higgs boson is connected to some of the most puzzling questions in the universe: flavor, mass and CP
violation. While it is often stated that the Higgs boson gives mass to all elementary fermions, this is just the tip of
the proverbial iceberg. The Yukawa couplings determine not only the masses, but also the CKM matrix and its CP
violating phase. Thus, the Higgs boson is the only known direct connection to whatever is responsible for the origin
of multiple generations, flavor and known CP violation. By studying it with more precision, we may perhaps gain
insight into these fundamental puzzles or, at the very least, test if this picture is correct. Furthermore, these puzzles
also extend to the neutrino sector. Whatever form neutrino masses take, Majorana, Dirac or both, their mass still
must connect to the SM Higgs boson or a new Higgs-like boson must exist that also breaks the electroweak symmetry.

The fact that understanding the properties of the SM Higgs boson connects to so many fundamental questions

illustrates how central it is to the HEP program. The connections briefly reviewed so far obviously can each be
expanded in greater detail, but to collect the various themes in a simple to digest manner this is illustrated in
Figure 1. The generality of the concepts and questions posed in Figure 1 could even belie connections to additional
fundamental mysteries. For example, the Higgs portal could specifically connect to Dark Matter or other cosmological
mysteries.

FIG. 2: Examples of the interplay between experimental observables and fundamental questions connected to the Higgs boson.

The goal of this topical report is to try to connect the many fundamental questions related to the Higgs boson to
various observables and vice versa. The Higgs presents a challenge in HEP, because to test the consistency of the SM
requires a dedicated experimental and theoretical program. The previous Snowmass report[1] advocated a bifurcation
into Higgs factories and Energy frontier targets; however to understand the Higgs will require both directions as well
as new theoretical concepts. Therefore, understanding how to map various observables to the interesting questions

ex
p 

ob
se

rv
ab

le
s

fu
nd

am
en

ta
l 

qu
es

tio
ns

Snowmass Higgs report 2209.07510

12

The man of the game (still):                 Higgs!

https://inspirehep.net/literature/2152236


Christophe Grojean What’s next in HEP? Dec. 15, 202213

The LHC Harvest

2
Preamble

The LHC is both a precision and a discovery machine with an incredibly broad range of fundamental subjects covered!

With the full Run 2 (140 fb-1 of pp collisions at 13 TeV) 

- 8 Million Higgs bosons produced

- 300 Million top quarks produced 

- 8 Billion Z bosons with 300 Million per lepton flavour

- 30 Billion W bosons (3 billion per lepton flavour)

- 150 Trillion b quarks

Outstanding tool for precision and 
study of rare processes!

Both large numbers of signals - but 
also large numbers of backgrounds!

With the discovery of the Higgs Boson and nothing else so far, the LHC has its work cut out for itself: continue 
direct searches for new phenomena pursue indirect signs of new physics through precision measurements!

Harness this wealth of data to produce precise measurements to probe SM through its predictions!

- Precise predictions

- Calibrations and ancillary measurements

- Experimental precision and performant reconstruction

… new ideas!

2
Preamble

The LHC is both a precision and a discovery machine with an incredibly broad range of fundamental subjects covered!

With the full Run 2 (140 fb-1 of pp collisions at 13 TeV) 

- 8 Million Higgs bosons produced

- 300 Million top quarks produced 

- 8 Billion Z bosons with 300 Million per lepton flavour

- 30 Billion W bosons (3 billion per lepton flavour)

- 150 Trillion b quarks

Outstanding tool for precision and 
study of rare processes!

Both large numbers of signals - but 
also large numbers of backgrounds!

With the discovery of the Higgs Boson and nothing else so far, the LHC has its work cut out for itself: continue 
direct searches for new phenomena pursue indirect signs of new physics through precision measurements!

Harness this wealth of data to produce precise measurements to probe SM through its predictions!

- Precise predictions

- Calibrations and ancillary measurements

- Experimental precision and performant reconstruction

… new ideas!



Christophe Grojean What’s next in HEP? Dec. 15, 202214

Channel

categories Br

ggF  VBF   VH   ttH

Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb

γγ 0.2 % ✓ ✓ ✓ ✓
ZZ 3% ✓ ✓ ✓ ✓

WW 22% ✓ ✓ ✓ ✓
    ττ           6.3 % ✓ ✓ ✓ ✓
   bb 55% ✓ ✓ ✓ ✓

Zγ and γγ∗ 0.2 % ✓ ✓ ✓ ✓
μμ 0.02 % ✓ ✓ ✓ ✓

Invisible 0.1 % ✓ (monojet) ✓ ✓ ✓

Nano Overview of Main Higgs Analyses at (HL) LHC 

O
bs

er
ve

d 
m

od
es

Remaining to be 
observed

Limits

Most channels already covered at the Run 2 with only 5% (~150 fb-1) of full HL-LHC dataset!

~8 M vets produced ~600 k vets produced ~400 k vets produced ~80 k evts produced

*N3LO

20The LHC Higgs Harvest
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30%

Precision Higgs Couplings Measurements

11%
11%

30%
26%
15%

14%

13%

ATLAS - CMS Run 1 
combination

24

CMS 
  Run 2 

1.04 ± 0.07
1.02 ± 0.08
1.10 ± 0.08

0.92 ± 0.08
1.01 ± 0.11

0.92 ± 0.08
0.99 ± 0.16

ATLAS  
Run 2

1.04 ± 0.06

1.05 ± 0.06
0.99 ± 0.06
0.95 ± 0.07
0.94 ± 0.11

0.89 ± 0.11
0.93 ± 0.07

6%

6%
6%
7%

11%
11%
8%

Current 
precision 

- 1.12 ± 0.211.06+0.25
−0.30

- 1.65 ± 0.341.380.31
−0.36

κγ

κg

κW
κZ

κtκb
κτκμ
κZγ

Binv
< 11 % < 16 %

20%
9.8%

1.8%

1.7%
1.5%
2.5%

3.4%
3.7%
1.9%
4.3%

HL-LHC 

2.5%11%

Nature 607, 
52-59 (2022)

Nature 607, 
60-68 (2022)

TH Uncertainties dominant 
(assumed to be 1/2 of Run 2)

Higgs @ (HL)-LHC
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Beyond Inclusive Higgs

• CP properties of the tau Yukawa

Higgs Yukawa to taus CP Properties
27

Zero Momentum 
Frame

IP directions Tau 
transverse 

spin 
correlation 
sensitive 
variable

Fit the  parameter to the ϕτ ϕ*CP

ϕτ = 9 o ± 5 o (sys) ± 16 o (stat)

Pure CP-Odd hypothesis 
excluded at 3.4σ
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!"-odd contributions in Higgs-Gauge interactions occur 
via higher-order operators.


!"-odd contribution in the Yukawa interaction can be 
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Using several 
decay modes of 
the taus
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• Evidence for h→µµ

Evidence for Second Generation Yukawa Coupling 

Summary of all categories Estimate the background parameters through a fit of an analytical form!

30

Result dominated by statistical uncertainty, but watch systematics! 

Expected    

Observed   

2.5σ
3.0σ

CMS Result

μ = 1.19 ± 0.43

JHEP 01 (2021) 148

ATLAS Result

Expected    

Observed   

1.7σ
2.0σ

μ = 1.2 ± 0.6

PLB 812

- Approximately 2k events produced but very small signal-to-noise 

- Requires a very accurate description of the backgrounds.

- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Very challenging channel!

• Evidence for h→γℓ+ℓ-

• Off-shell Higgs production (and Higgs width constraint)

36
Off Shell HVV Couplings  and Width

Kauer-Passarino

Off Shell couplings Assumption of Standard Model and comparison to on shell allows for a 
measurement of the width of the Higgs boson!

(2
t

2
V )on shell = (2

t
2
V )off shell�H =

µoff shell

µon shell

⇥ �SM

H

Current measurement (CMS) PRD 99 (2019): 

ΓH = 3.2+2.4
−1.7 MeV

Evidence for Off-Shell production at 3.6σ

Preliminary HL-LHC results show that a reasonable 
sensitivity can be obtained with 3 ab-1�H = 4.1+1.0

�1.1
<latexit sha1_base64="40f5K+uQ+2cgh9Pe0ZS6asqpUCs="></latexit>

at HL-LHC:

Remarkable result to follow closely at Run 3! 
How much better can be done at HL-LHC?

Higgs Boson width
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at HL-LHC:

Remarkable result to follow closely at Run 3! 
How much better can be done at HL-LHC?

Higgs Boson width

• Double Higgs production
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Higgs Data — Future

I can see 5 main future exiting directions made possible thanks to *larger* data set: 

• More differential measurements

• “Higgs couplings without the Higgs” programme

• Couplings to light fermions 

• Study of CP violation in the Higgs sector

• Access to multi-Higgs channels
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Higgs Data — Future

I can see 5 main future exiting directions made possible thanks to *larger* data set: 

• More differential measurements

• “Higgs couplings without the Higgs” programme

• Couplings to light fermions 

• Study of CP violation in the Higgs sector

• Access to multi-Higgs channels

↔ Does the Higgs make matter stable?

 ↔ Did the Higgs create matter?

↔ Did the Higgs make the Universe boiling?

 ↔ Does the Higgs have a size?}
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T0

2032

2030

2035

2037

2040

2045

2030

Subject to large uncertainty
1) need a scientific consensus

2) political approval 

ECFA Higgs study group ‘19

Hi!s-mantics

Divination "r#gh Hi!s
Friday, January 27, 2012

+ muon-collider + gamma-gamma collider + …
Figure 1. Time line of various collider projects starting at time T0. Given are the luminosity values and energies, also shown
in Table 1. For the clarification of the meaning of a year of running, see the caption to Table 1. Figure 13 in the appendix
reworks this figure using the earliest possible start date (i.e. the calendar date of T0) given by the proponents.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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reworks this figure using the earliest possible start date (i.e. the calendar date of T0) given by the proponents.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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What is the necessary time interval between end of HL-LHC and start of FCC ? For LEP→LHC it was 10 years 
(same tunnel), but for S𝑝𝑝S→LEP it was-2 years. Clear dependence on financial and human resources. 

Patrick Janot

Coming next (Assuming ESPP greenlight)

q Until 2026: Focus on FCC-ee Detector concept development + R&D + Physics simulations

q 2026-2031: FCC-ee Detector Technical Design Study, with collaboration set-up
u When detector experts are more available

l FCC-ee schedule well integrated with HL-LHC experiments schedule

14 Novembre 2019
FCC France, LPNHE, Paris 21

LHC Run 3                              HL-LHC Run4                           Run 5                                      Run 6
Det. upgrades
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LS4

2031 2034 2035

FCC-ee detector
Construction, Installation, 

Commissioning

FCC-ee detector 
Technical Design

Detector R&D, 
Concept development

Physics simulations

LS2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

15 years 
FCC-ee

Operation
ESPP
update

2038: FCC-ee can start seamlessly after HL-LHC

LS5

0

The BIG challenge: 
Creation of a world-wide consortium of scientific contributors who reliably commit

resources to the development and preparation of the FCC-ee science project from 2020 onwards

2038

well-coordinated schedule between HL-LHC running and FCC-ee construction
while R&D for FCC-hh is actively pursued

— 2019 Schedule —
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reworks this figure using the earliest possible start date (i.e. the calendar date of T0) given by the proponents.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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What is the necessary time interval between end of HL-LHC and start of FCC ? For LEP→LHC it was 10 years 
(same tunnel), but for S𝑝𝑝S→LEP it was-2 years. Clear dependence on financial and human resources. 

Run 3 will be extended by 1 year until end 2025
and LS3 by ½ year until end 2028

Note: 
� no further extension of Run 3 or LS3 possible!

For technical and political reasons
� the HL-LHC goal of providing 3000/fb integrated 

luminosity to ATLAS and CMS would require HL-LHC 
RSHUDWLRQ�XQWLO�§������

� ending HL-/+&�LQ������ZRXOG�SURYLGH�§������IE�SHU�
experiment

Final decision on the long-term HL-LHC schedule will 
have to be taken at the next (or next-to-next?) strategy 
update in light of:
� performance and results from the LHC, progress with 

WKH�QH[W�SURMHFW��)&&���«

Long-term Schedule

07.02.2022 J. Mnich 4

Important:
� we have to find the right balance between 

motivation and commitment of the community for 
the success of the LHC 

� and preparing the ground for the future with a 
visionary project like the FCC

— 2021 Schedule —
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 Stay safe/healthy and live long! 
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FCC-ee Physics Programme
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Top

3
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detector hermeticity 
tracking, calorimetry
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energy resol. 

particle ID

momentum resol. 
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energy resolution 

hadron identification
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What’s Next?
The potential of an elementary scalar field is highly sensitive to UV physics:

Is the EW vacuum compatible with new physics at higher energy (aka hierarchy/naturalness problem)?

Conspiracy/intelligent design Anthropic selection in multiverse Dynamical screening
Arrange high-scale physics, 
including quantum gravity, 

to give small enough corrections
 to Higgs potential

and gives a correction parametrically of order

�m
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(16⇡2)2
m

4
 

M
4
P l

This correction is small because the graviton coupling to a massless, on-shell
particle at zero momentum vanishes, and so the result is proportional to mH .

However, we could also have a three-loop diagram where the graviton couples
to a loop of top quarks,

The correction from this diagram is parametrically of the form

�m
2
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⇠
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t

(16⇡2)3
m

6
 

M
4
P l

and is much larger because now the gravitons are coupling to o↵-shell states.

If m ⇠ MP l, correction is ⇠
6y2t
16⇡2

M
2
Pl

(16⇡2)2 . Of course at this point we doubt the
validity of our gravity EFT, but this parametrically validates our naive expecta-
tion from the cuto↵ argument, now with ⇤ ⇠ MP l/16⇡2. So even gravitational
physics is su�cient to feed through threshold corrections to the Higgs mass.

The conclusion is that if there are any other states out there, even ones that
only couple to the Higgs gravitationally, they give a threshold correction to the
Higgs mass that is proportional to the mass scale of the new states. We can see
these corrections in MS or any other scheme; they are physical threshold correc-
tions and have unambiguous value. The result using a hard cuto↵ was merely a
placeholder for threshold corrections, which we could only see in MS if we had
actual physical states in the theory.
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Even new physics 
only gravitationally coupled to SM 

can generate large corrections 
because off-shell couplings to gravitons

Add new physics
to stabilise the EW vacuum

Particles and fields are not 
the building blocks of matter.

Strings and D-branes are.
Non-trivial fluxes generate multiverse

• New spacetime symmetry 
(supersymmetry)

• New forces/new particles
(composite Higgs)

• New vacua

Supersymmetry
(new space-time
symmetry)

Composite Higgs

Multiverse

anthropic principle?

— Challenge —

More conservative approach
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One-Vacuum Natural Models
Dynamical screening of the UV corrections to Higgs potential

 Single vacuum
New particles 

with couplings related to SM ones by 
symmetry cancel the large corrections 

1. a symmetry (Susy, PQ)
2. a form factor (composite Higgs)

Low scale of quantum gravity
1. Large extra dimensions (ADD)
2. Gravitational sequestering  (RS)

Combination of the above

TeV scale new physics
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P. Sphicas
ICHEP2020: Summary and Outlook

Supersymmetry: were we are today

Aug 6, 2020
ICHEP 2020, Prague-on-the-net 14

	 !t !t

	 
!χ
i
!χ
j

“We will always have 
Higgsinos…”

µ term must be ~O(MH)

Electroweakinos

		 !g→tt !χ1
0

Stop & Gluinos

~!1±

Electroweakinos: dealing with leptons

15

W(wino)
~

Δm~few hundreds MeV 
(assuming heavy sfermions and higgsinos)

H(higgsino)
~

Δm~few–tens of GeV
!30~ !40

~ !2±
~

~!10

Mass

Sleptons

~!20

B(bino)~

In principle, any bino/wino/higgsino  
mass hierarchy is allowed

• EWK sector: much lower cross sections  
• sensitivity to lower sparticle masses 
• final states too much SM like if dealing with 

W,Z,H hadronic decays, searches rely on 
leptonic final states 

• 2 e/μ OSSF, 3 or more e/μ/τh 
• high or low pT leptons used to access 

different values of Δm(NLSP-LSP) 
• additional tagging of H→γγ, H→bb 

G(gravitino)~
Appears in GMSB models 

mass ~KeV

Wino NLSP 
(highest cross section)

Higgsino NLSP 
(masseless LSP)

NLSP/LSP…

C. Botta ICHEP2020

SUSY Searches

Top partner searches

Zhang Mengchao et al, 1908.07524
Xie Ke-Pan et al, 1907.05894
Benbrik et al, 1907.05029

N.Bizot et al, 1803.00021ATLAS, 1808.02343
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T -> Ht, Wb, Zt

Composite Higgs
top partners searches

Vanilla models are getting
in their tuned region



Christophe Grojean What’s next in HEP? Dec. 15, 202222

One-Vacuum Natural Models
Dynamical screening of the UV corrections to Higgs potential

 Single vacuum
New particles 

with couplings related to SM ones by 
symmetry cancel the large corrections 

1. a symmetry (Susy, PQ)
2. a form factor (composite Higgs)

Low scale of quantum gravity
1. Large extra dimensions (ADD)
2. Gravitational sequestering  (RS)

Combination of the above

TeV scale new physics

Neutral Naturalness
• Top partners are color neutral 

• Charged under a different, ‘mirror’, color 

• Have a discrete symmetry  
that does not commute with SM color 

• Prime examples are Twin Higgs,  
Folded SUSY, and Quirky Little Higgs 

• Span much of the NN model space

Scalar  
Top Partner

Fermion 
Top Partner

All SM 
Charges SUSY pNGB/RS

EW 
Charges

Folded 
SUSY

Quirky 
Little Higgs

No SM 
Charges ??? Twin Higgs

composite 

New Natural Models
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Last
model building 
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Singlet scalar top partners from accidental

supersymmetry
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Abstract: We present a model wherein the Higgs mass is protected from the quadratic

one-loop top quark corrections by scalar particles that are complete singlets under the

Standard Model (SM) gauge group. While bearing some similarity to Folded Supersym-

metry, the construction is purely four dimensional and enjoys more parametric freedom,

allowing electroweak symmetry breaking to occur easily. The cancelation of the top loop

quadratic divergence is ensured by a Z3 symmetry that relates the SM top sector and two

hidden top sectors, each charged under its own hidden color group. In addition to the

singlet scalars, the hidden sectors contain electroweak-charged supermultiplets below the

TeV scale, which provide the main access to this model at colliders. The phenomenology

presents both differences and similarities with respect to other realizations of neutral natu-

ralness. Generally, the glueballs of hidden color have longer decay lengths. The production

of hidden sector particles results in quirk or squirk bound states, which later annihilate.

We survey the possible signatures and corresponding experimental constraints.

Keywords: Beyond Standard Model, Discrete Symmetries, Supersymmetric Standard

Model
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The Hyperbolic Higgs
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Abstract: We introduce the Hyperbolic Higgs, a novel solution to the little hierarchy

problem that features Standard Model neutral scalar top partners. At one-loop order, the

protection from ultraviolet sensitivity is due to an accidental non-compact symmetry of

the Higgs potential that emerges in the infrared. Once the general features of the effective

description are detailed, a completion that relies on a five dimensional supersymmetric

framework is provided. Novel phenomenology is compared and contrasted with the Twin

Higgs scenario.

Keywords: Beyond Standard Model, Field Theories in Higher Dimensions, Supersym-

metric Standard Model
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Dynamical screening of the UV corrections to Higgs potential

 Multiple vacua

many metastable vacua with a vast range of values for mH

Dynamical selection of mH≪Λ

1. NNaturalness:  The patches with different 
Higgs VEVs expand differently: either they shrink 
to nothing or they expand too fast and no 
particle reheating possible. The patch with the 
right EW vacuum is selected.

2. Relaxion: Cosmological scanning with non-
trivial back reaction that stops the exploration of 
the vacuum manifold at the right place 

light new physics expected to address the hierarchy problem

Paradigm shift

LHC/energy frontier is not the unique place to probe “natural” models

Multi Vacua Natural Models

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M
2 + g�)|h|2 + V (g�) +

1

32⇡2

�

f
G̃

µ⌫
Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃

µ⌫ = ✏
µ⌫↵�

G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M
2 + g�)|h|2 +

�
gM

2
� + g

2
�
2 + · · ·

�
+ ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M
2, and thus we take the range of validity for � in this e↵ective

field theory to be � . M
2
/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact

the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m

2
h, is positive. During inflation � will slow-roll, scanning the physical Higgs

⇤/g

Cosmological evolution:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1

⟨h⟩ = 0
hhi = 0 hhi 6= 0

Graham, Kaplan, Rajendran ’15

Espinosa et al ’15

http://arxiv.org/abs/1504.07551
http://arxiv.org/abs/1506.09217
http://arxiv.org/abs/1506.09217
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The log Crisis of the Higgs
The relaxion (Higgs portal) parameter space & the log crisis
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Precision frontier Astro frontier Collider frontier

Higgs vev oscillates DM halo, super radiance Invisible Higgs decays

Rich opportunities
at different scales 

G. Perez et al ’17-‘19

“fun signatures”
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Precision Probes BSM
Electric	Dipole	Moment

“Has	killed	more	SUSY	models	than	anything	
else”	(I.	Hinchliffe)

25

• Current	limits:	3.6x10-26 for	neutron,	1.1x10-29 for	electron
– Lepton	and	quark	EDMs	are	complementary	tests	of	new	physics

• Advancements	planned	in	future	experiments:	factors	~10-1000
• Observation	would	be	clear	evidence	for	new	physics
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25
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EDM

  

49

non-relativistic limit

Nonvanishing d breaks CP

Electric dipole moments (EDM) as a source of CP violation

SM prediction:

e e

3

1

2 2

3

SM contribution is ridiculously small,

EDM is a clear sign of New Phisics

Non-relativistic limit
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SM predictions

SM  contribution is ridiculously small

EDM is clear signal of New Physics
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Current and future experimental constraints

Further improvements in

a -very- short timescale

 Science 343, p. 269-272 (2014) 

arXiv:1704.07928

arXiv:1804.10012

arXiv:1710.08785

Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!119

EDM - experimental status
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Future EDM experiments

from slide by N. Hutzler

Polyatomic EDMTo improve, need more 
molecules, longer coherence 
times. Need special molecules:

Laser cooling can produce 
many slow-moving molecules to 
study. Avoid exciting molecular 
rotational, vibrational modes.

EDM systematics need 
“internal co-magnetometer.”

Hutzler & Kozyryev 2017: 
polyatomic molecules can 
give both! (ex: YbOH)

Other planned experiments: trapped molecular ions (Cornell, Ye, JILA), YbF (Hinds, 
Imperial), EDM3 (Vutha, Horbatsch, Hessels, Toronto/York), … 

|de | ≲ 10−32 e cm
1-loop, PeV scale sensitivity

Time scale of 5-10 years:

M. Reece @ Pheno2020
Snowmass LOI

https://indico.cern.ch/event/858682/contributions/3840424/attachments/2032715/3402456/Reece_Pheno_2020.pdf
https://arxiv.org/abs/2010.08709
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FCC constraints on top partners’ CP phases

- Even if phases are 1% size, competitive with FCC.

  

64

LHC and electron EDM constraints on top partners

HL-LHC projectios:Current constraints:

- ACME constraints stronger if CP phase is larger than 0.1

- ACME-II similar to HL-LHC for 1% phases.

LHC HL-LHC

FCC-hh FCC-hh

e.g., EDM can help testing the presence of top partners in composite Higgs models far beyond direct reach

involving the top and its partners. In other flavor scenarios, for instance anarchic partial com-

positeness models, additional sizable CP-violating contributions can be present. We will briefly

discuss these e↵ects in the following.

In anarchic partial compositeness models, corrections to the light quark EDM’s and CEDM’s

are typically generated at one loop [17] (see ref. [3] for a review). For a quark q these e↵ects can

be estimated as
dq

e
⇠ edq ⇠

mq

16⇡2

1

f2
. (2.49)

These contributions are roughly one inverse loop factor 16⇡
2
/g

2
s ' 102 larger than the Barr–Zee

e↵ects, thus, barring accidental cancellations, are usually dominant. The current neutron EDM

constraints lead to a lower bound f & 4.5 TeV coming from the down-quark dipole operator. A

slightly weaker constraint, f & 2 TeV, is obtained from the up-quark dipole.

If the anarchic structure is naively extended to the lepton sector, large one-loop contributions

to the electron EDM are present. The current bounds on the electron EDM imply a constraint

f & 38 TeV, which rules out top partners in the 50�100 TeV range. In these scenarios a similar

bound also comes from the lepton flavor violating decay µ ! e�.

We finally consider models with flavor symmetries. In the case of U(3) symmetry [32],

the one-loop contributions to the light-quark EDM’s are comparable to the ones in anarchic

scenarios. A significant suppression of these e↵ects can instead be present in U(2) models [33] if

the partners of the light quarks are decoupled. In this case the two-loop Barr–Zee contributions

become dominant and the bounds derived in this section apply.

2.4 Comparison with direct top partner searches

It is also interesting to compare the bounds from CP-violating e↵ects with the direct searches

for top partners. We start the discussion by considering the constraints coming from the LHC.

The strongest bounds on the mass of a light fourplet come from searches for the exotic charge-

5/3 top partner, the X5/3, which decays exclusively into Wt. So far the experimental searches

focussed mainly on top partners pair production. The strongest bounds come from searches

in the lepton plus jets final state, whose present constraints are mX5/3
> 1250 GeV (ATLAS

collaboration [11]) and mX5/3
> 1320 GeV (CMS collaboration [12]).

Additional bounds come from searches in the same-sign dilepton final state, whose sensitivity

is only slightly lower than the one in the lepton plus jets channel. The present bounds for

pair-produced top partners are mX5/3
> 1160 GeV from the CMS analysis in ref. [47] and

mX5/3
> 990 GeV from the ATLAS analysis in ref. [48].9 Interestingly, searches for charge-5/3

resonances in same-sign dileptons are sensitive not only to pair production but also to single

production. This aspect was investigated in ref. [49] for the 8 TeV LHC searches. The same-sign

dilepton search was found to be sensitive to single production with relatively high e�ciencies,

namely ⇠ 50% of the pair-production signal e�ciency for the ATLAS search and ⇠ 10% for

the CMS one. The 13 TeV searches are analogous to the 8 TeV ones, so one expects similar

e�ciencies to apply. The sensitivity to single production can significantly enhance the bounds

for large values of ct. Indeed this coupling controls the WX5/3t vertex [38],

gWX5/3tR
=

g
p

2
ct

v

f
, (2.50)

9
The ATLAS analysis is only available for 3.2/fb integrated luminosity at 13 TeV. This explains the significantly

lower bound with respect to the CMS analysis, which instead exploits 35.9/fb integrated luminosity.

19

⇠ =
v2

f2

⇠ = 0.1 $ f ⇡ 800GeV

⇠ = 0.05 $ f ⇡ 1100GeV

⇠ = 0.001 $ f ⇡ 8000GeV

arXiv:1712.06337

https://arxiv.org/abs/1712.06337
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BGs: accidental BGs and radiative muon decay 
Signal: monochromatic, back-to-back, and produced at the same time.

PSI has the most intense DC muon beam up to            .
The final result of MEG (2016) 

MEG-II is an upgrade of all sub-detectors.
First physics run will start in 2020
Expectation in 3 years run is                           .

Future experiments:  Next target is                      .            
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [258]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [259–262]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

ESU, arXiv:1910.11775

https://arxiv.org/abs/1910.11775
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Illustration: adding light new physics (NP)
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Constraining new light force-mediators by isotope shift spectroscopy
Supplementary Material

Julian C. Berengut, Dimtry Budker, Cédric Delaunay, Victor V. Flambaum, Claudia Frugiuele, Elina Fuchs,
Christophe Grojean, Roni Harnik, Roee Ozeri, Gilad Perez, and Yotam Soreq

I. VISUALIZING THE VECTOR SPACE

In the main text we define the following vectors in the A
0 vector space

�!
m⌫i ⌘

⇣
m⌫

AA0
1

i , m⌫
AA0

2
i , m⌫

AA0
3

i

⌘
, (S1)

����!
m�hr

2
i ⌘

�
hr

2
iAA0

1
/µAA0

1
, hr

2
iAA0

2
/µAA0

2
, hr

2
iAA0

3
/µAA0

3

�
, (S2)

�!
mµ ⌘ (1, 1, 1) . (S3)

As long as �!
m⌫1,2 are spanned by �!

mµ and
����!
m�hr

2
i, the resulting King plot will be linear. In Fig. S1, we illustrate the

vector space of the various components related to isotope shifts that leads to the nonlinearites. The NP contribution

to IS, ↵NPXi
~h, may lift the IS vectors from the (�!mµ,

����!
m�hr

2
i) plane, resulting in a nonlinear King plot. Fig. S2

illustrates a nonlinear King plot, where the area of the triangle corresponds to the NL of Eq. (6).
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mµ and
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2
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2
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~h

FIG. S1: Left: A cartoon of the prediction of factorization, Eq. (5) in vector language. All of the isotope shift measurements

(which are here three dimensional vectors �!m⌫1,2) lie in the plane that is spanned by �!mµ and
����!
m�hr2i. This coplanarity can be

tested by measuring whether �!m⌫1,
�!m⌫2 and �!mµ are coplanar. Right: In the presence of new physics the isotope shift get a

contribution which can point out of the plane. A new long range force can spoil the coplanarity of �!m⌫1,
�!m⌫2 and �!mµ.
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FIG. S2: Illustration of nonlinearity in the King plot of the isotope shifts �!m⌫1,2, as defined in Eq. (4), in isotope pairs
AA0

j , j = 1, 2, 3. The area of the triangle corresponds to the NL of Eq. (6).
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Search for Higgs-mediated interactions in atoms 
using optical atomic clock spectroscopy

Basic idea: look at difference of differences, of transition energies, to clean up 
nuclear mess …

We do it in steps: first consider transition between two levels the emitted 
photon has some characteristic energy/frequency, �E = E(n0, l0)� E(n, l) .

O(10-18) sensitivity in atomic clock measurements

can be used to detect new (long range) forces

2004.11383
Yb+ King plot (300 Hz)

2005.00529
Ca+ King plot (20 Hz)

Spectacular experimental progress
very recently

State of the art: King Linearity holds in Ca+ (1:104)   

13

No indication for King-linearity-violation (KLV), down to 100 kHz.

when comparing two different transitions and can be
eliminated in a King plot analysis [28,29] as shown in
Fig. 3 for the two transitions considered here. Each axis
shows the modified isotope shift mδνA;A

0 ¼ δνA;A
0
gA;A

0
,

where gA;A
0 ¼ ð1=mA − 1=mA0Þ−1, for one of the two

transitions. A straight line fit to the three data points
provides linear combinations of the field and mass shift
constants for the two transitions. An important result from
this fit is that there is no evidence for a deviation from a
straight line, confirming that (2) is a good parametrization
of the isotope shift even at the high experimental accuracy
of the measurements presented here.

A comparison of the high resolution results with pre-
vious experimental data based on collinear laser spectros-
copy [10,11] shows systematic deviations, which can be
used to calibrate experimental parameters of this technique.
Following Ref. [12] we performed a three-dimensional
King plot analysis to extract the fitting parameters kMS and
F for the two transitions. Two dimensions are those shown
in Fig. 3. In the third dimension we plot the modified
change in mean-square nuclear charge radius δhr2iA;A0

gA;A
0
,

using the previous values of δhr2i from [30], which are
based on muonic atom spectroscopy and electron scatter-
ing. The three-dimensional King plot constrains the mass
and field-shift constants, and under the assumption that (2)
is correct (i.e., the three data points are connected by a
straight line) can also be used to extract improved values of
δhr2i. To find the parameter estimates and their uncertain-
ties an acceptance-rejection Monte Carlo method was used
to generate samples consistent with the measured values
and associated uncertainties [31]. The measurement dis-
tributions were assumed to be independent uncorrelated
normals. The likelihoods of three randomly generated
points, constrained to be collinear, were used as the
acceptance criterion in the algorithm. The extracted param-
eters are shown in Table II.
The extracted field-shift and mass-shift constants pose a

strong challenge for many-body atomic theory (fourth
column of Table II), where the mass shift in particular
has proven very difficult to calculate even in the “easy” case
of single-valence-electron ions [32,33]. A comparison to
the experimental field and mass shift constants given in
[10,11] proves difficult since the derived uncertainties
depend strongly on the analysis technique and input
parameters for δhr2i. Evaluating the field and mass shift
constant from isotope shifts given in [10,11] using the
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FIG. 3 (color online). Two-dimensional King plot showing the
modified isotope shift of the 866 nm and 397 nm lines. Red
squares, previous experimental data from [10] and [11]; blue
circles, this Letter. The insets show the relevant ranges enlarged
by a factor of approximately 30 to illustrate the quality of the fit.

TABLE II. Parameters of three-dimensional King plot seeded with values of δhr2iA;40 taken from [30]. The units
for the field Fi and mass ki shift constants and the changes in mean square nuclear charge radii δhr2ij;40 are
MHz fm−2, GHz amu, and fm2, respectively. For comparison the second column for the previous data shows results
for the analysis using isotope shift data taken from [10] and [11] analyzed with the methods used in this Letter.

Parameter Previous This work Theory

F397 −283ð6Þa −281ð34Þ −281.8ð7.0Þ −285ð3Þa
−287b

k397 405.1(3.8)a 406.4(2.8) 408.73(40) 359b

427d

F866 79(4)c 80(13) 87.7(2.2) 88a

92b

k866 −1989.8ð4Þc −1990.9ð1.4Þ −1990.05ð13Þ −2207b
−2185d

δhr2i42;40 0.210(7) 0.210(7) 0.2160(49)
δhr2i44;40 0.290(9) 0.290(9) 0.2824(65)
δhr2i48;40 −0.005ð6Þ −0.005ð6Þ −0.0045ð60Þ
aMårtensson-Pendrill et al. [10].
bSafronova and Johnson [32].
cNörtershäuser et al. [11].
dThis work, based on the methods in [33].
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FIG. 1: Limits on the electron and neutron couplings (yeyn)
of the new boson of mass m� (for the experimental accuracies
�i specified in the labels). Constraint from existing IS data:
Ca+ (397 nm vs. 866 nm [18], solid red line). IS projections
(dashed lines) for Ca+ (S ! D transitions), Sr+, Sr/Sr+,
and Yb+. For comparison, existing constraints from other
experiments (shaded areas): fifth force [19, 20] (dark orange),
(g � 2)e [21, 22] combined with neutron scattering [23–26]
(light blue) or SN1987A [27] (light orange), and from star
cooling in globular clusters [28–30] (orange). The gray line at
17MeV indicates the yeyn values required to accommodate
the Be anomaly [31, 32].

of-the-art experimental precision, and baring cancellation
between the SM and NP contributions, world-record sen-
sitivity in a certain mass range will be achieved.

II. FACTORIZATION OF NUCLEAR AND
ATOMIC EFFECTS IN ISOTOPE SHIFTS

We now discuss the scaling and factorization properties
of IS which we use to probe NP in this work. Consider an
atomic transition, denoted by i, between narrow atomic
states. The di↵erence in the transition frequency ⌫ com-
paring the isotopes A and A

0 is the IS,

⌫
AA0

i ⌘ ⌫
A
i � ⌫

A0

i . (1)

At leading order (LO) the IS receives contributions from
two sources, mass shift (MS) and field shift (FS). Mass
shift arises due to a correction to the kinetic energy of
atomic electrons due to the motion of the nucleus. For
independent electrons, this is just replacing me by the
reduced mass but if electrons are correlated, this could
be orders of magnitude larger. Field shift originates from

di↵erent contact interactions between electrons and nu-
clei in isotopes. Putting these two leading contributions
together, the IS can be phenomenologically written as

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + . . . , (2)

where the two terms represent MS and FS respec-
tively [16, 33]. We define µAA0 ⌘ m

�1
A � m

�1
A0 , where

mA and mA0 are the masses of isotopes A and A
0.

The quantity �hr
2
iAA0 is dominated by the di↵erence

in the mean squared charge radii of the two nuclei but
can include other contact interactions. Both µAA0 and
�hr

2
iAA0 are purely nuclear quantities that do not de-

pend on the electronic transition i. Note, however, that
µAA0 is known with high precision, whereas �hr

2
iAA0 is

known only to a limited accuracy. The parameters Ki

and Fi are isotope-independent, transition-dependent co-
e�cients of the MS and FS, and their precise values are
unnecessary in the observable we construct. Each term
of Eq. (2) is a product of a purely nuclear quantity and a
purely electronic quantity, resulting in the factorization
of nuclear and electronic dependence. This is known as
LO factorization.

Given two electronic transitions, i = 1, 2, one can elim-
inate the uncertain �hr

2
iAA0 giving a relation between the

isotope shifts ⌫
AA0

1 and ⌫
AA0

2 . In terms of the modified
IS1, m⌫

AA0

i ⌘ ⌫
AA0

i /µAA0 , this relation is,

m⌫
AA0

2 =K21+F21m⌫
AA0

1 , (3)

with F21 ⌘ F2/F1, and K21 ⌘ K2 � F21K1.
Equation (3) reveals a linear relation between m⌫1 and

m⌫2, giving rise to a straight line in the so-called King
plot of m⌫2 vs m⌫1 [16]. It is important to stress that the
linearity of this equation holds regardless of the precise
values of the Ki and Fi electronic parameters. Testing
linearity necessitates at least three independent isotope
pairs in two transitions, which constitutes a purely data
driven test of LO factorization.

The formulae in our treatment of NP will be simplified
greatly by introducing a geometrical description of LO
factorization. As we will now explain, King linearity is
equivalent to coplanarity of vectors. For each transition
i, we can form a vector

�!
m⌫i ⌘

⇣
m⌫

AA0
1

i , m⌫
AA0

2
i , m⌫

AA0
3

i

⌘
. (4)

The nuclear parameters of field and mass shift, µAA0 and

�hr
2
iAA0 can also be written as vectors �!

mµ and
����!
m�hr

2
i

in the same space (notice that �!
mµ ⌘ (1, 1, 1)) and hence

Eq. (2) becomes

�!
m⌫i = Ki

�!
mµ + Fi

����!
m�hr

2
i. (5)

1
Below we will adopt the notation of adding an m to “modi-

fied” (i.e. normalized by µAA0 ) quantities, such as m�hr2iAA0 ⌘
�hr2iAA0/µAA0 .
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arXiv:1704.05068v1  [hep-ph]  17 Apr 2017

can only probe long-range force 
(no bound on e- Yukawa, unfortunately)

https://arxiv.org/pdf/2004.11383.pdf
https://arxiv.org/pdf/2005.00529.pdf.
https://arxiv.org/abs/1704.05068
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Scale of DM
The prediction about the mass scale of DM comes with large error bars:

10�22 eV < mDM < 1020 GeV
(ALPs) (Wimpzillas, Q-balls)

(borrowed material from S. Gori@ DESY2020)

Need for new particles  
in addition to DM 
(the “mediator(s)”)

MeV                      GeV                        TeV

Thermal DM

Dark sectors
WIMPs

The DM 
mass scale

axions      sterile 
                 neutrinos

Primordial
black holes 

S.Gori 3

Why a dark sector? (DM)

Dark sectors  
are needed

Lee-Weinberg bound

(~ few GeV)

New

dark interactions

https://indico.desy.de/indico/event/25488/session/5/contribution/93/material/slides/0.pdf
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WIMP and Beyond
WIMP miracle/accident: DM can can be naturally linked to the weak scale

⌦DM ⇠ 0.3
g2DM-SM

4⇡ ↵

✓
100GeV

mDM

◆2

thermal freeze-out:

WIMP region is well explored 
and no signal (yet)

Current Experiments
Looking for nuclear recoils: 

think billiard balls

YH @ DESY Theory Forum, 2020

DM DM

N

N

light dark matter 
doesn’t have enough punch 

to kick the heavy nuclei

Lose sensitivity @ O(GeV) masses 

exploit nuclear recoils 
w/ threshold O(GeV)

(borrowed material from Y. Hochberg @ DESY2020)

https://indico.desy.de/indico/event/25488/session/2/contribution/96/material/slides/0.pdf
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WIMP and Beyond
WIMP miracle/accident: DM can can be naturally linked to the weak scale

⌦DM ⇠ 0.3
g2DM-SM

4⇡ ↵

✓
100GeV

mDM

◆2

thermal freeze-out:

WIMP region is well explored 
and no signal (yet)

Current Experiments
Looking for nuclear recoils: 

think billiard balls

YH @ DESY Theory Forum, 2020

DM DM

N

N

light dark matter 
doesn’t have enough punch 

to kick the heavy nuclei

Lose sensitivity @ O(GeV) masses 

exploit nuclear recoils 
w/ threshold O(GeV)

(borrowed material from Y. Hochberg @ DESY2020)

light DM 
region is subject  

to weaker constraints

New Avenues
Light dark matter: scatter off electrons!

YH @ DESY Theory Forum, 2020

DM DM

e

e

light dark matter 
can give enough punch 

to kick the light electrons
exploit electron recoils 
w/ threshold O(keV)

https://indico.desy.de/indico/event/25488/session/2/contribution/96/material/slides/0.pdf
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Ex. #1: First ideas

YH @ DESY Theory Forum, 2020

Atomic ionization Semiconductors

conduction

valence

E

k

Smaller masses?

DM

mDM & 10 MeV mDM & MeV

SuperCDMS,
SENSEI

Xenon10/100/1T

34

The light DM frontier

• Atomic ionization (Xenon)

• Semiconductors (Sensei)

• Superconductors (SNSPDs) DM scatters on Cooper pairs and break them

• Graphene/vanishing bandgap (Ptolemy): DM scatters with valence e- and eject them

• Dirac material

Ex. #1: First ideas

YH @ DESY Theory Forum, 2020

Atomic ionization Semiconductors

conduction

valence

E

k

Smaller masses?

DM

mDM & 10 MeV mDM & MeV

SuperCDMS,
SENSEI

Xenon10/100/1T

Ex. #3: Graphene
• 2D material with vanishing bandgap

• To eject electron: 

• The idea: DM scatters with valence electrons, deposits 
enough energy, ejects electron à detect

YH @ DESY Theory Forum, 2020

Work function, 
O(eV)

Sensitivity to mDM~ MeV

Binding energy

valence

conduction

[YH, Kahn, Lisanti, Tully, Zurek, 2017]

Eeject = Eb + � ⇠ eV
Absorption vs. Scattering

Dark matter absorption: all the mass-energy          

YH @ DESY Theory Forum, 2020

mDM

Edeposit

GeVMeVkeV

keVeVmeV

keVeVmeV

mass
(scattering)

mass
(absorption)

DM phonons

electrons

Absorption vs. Scattering
Dark matter absorption: all the mass-energy          

YH @ DESY Theory Forum, 2020

mDM

Edeposit

GeVMeVkeV

keVeVmeV

keVeVmeV

mass
(scattering)

mass
(absorption)

DM phonons

electrons

Absorption vs. Scattering
Dark matter scattering: kinetic energy  

YH @ DESY Theory Forum, 2020

mDMv2 ⇠ 10�6mDM

Edeposit

GeVMeVkeV

keVeVmeV

mass
(scattering)

DM DM

e ee

Edeposit

(see Y. Hochberg @ DESY2020)

https://indico.desy.de/indico/event/25488/session/2/contribution/96/material/slides/0.pdf
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S.Gori

Visible final states Excellent for 
detecting low-mass 

displaced visible  
dark particles

e.g.

dark photon

production:

Berlin, SG, Schuster, Toro, 1804.00661

See also LongQuest proposal:

 Tsai, De Niverville, Liu, 1908.07525

p-beam: SpinQuest/DarkQuest @ Fermilab

e,p
e,p

γ

Near forward detectors. Examples:

e-beam:  
HPS @ JLAB, MAGIX @ MESA

3. Fixed-target experiments

15

35

Searches for the light dark states
• LLP searches with displaced vertices

 e.g. in twin Higgs models glueballs that mix with the Higgs and decay back to b-quarks
                                         
 

• Rare decays
 e.g.  ALP mixing w/ SM mesons: 

  

• ALPs@ colliders
e.g. 

• Beam-dump experiments
e.g. kinetic mixing with dark photon

arXiv:1501.05310
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Figure 10. Branching ratio of KL æ fi
0
a (in black dashed), branching ratio of K

+
æ fi

+
a (in light

blue, dashed) and proper lifetime of the ALP in meters (in red) of the GG̃ coupled ALP. The mass
range ≥ (135 ≠ 150) MeV is not plotted for a better illustration.

where we have defined �≠1
© (mu + md)(m≠1

u + m
≠1

d + m
≠1
s ), and Ffi is the pion decay

constant given by Ffi ¥ 93 MeV. ◊÷÷Õ is the ÷-÷Õ mixing, whose value has a large uncertainty
and lies in the range ƒ ≠(10¶-20¶) (see e.g. [85–87]). Note the di�erent ma dependence in the
ALP-÷ mixing of the cos ◊÷÷Õ and sin ◊÷÷Õ terms. This is due to the fact that the sin ◊÷÷Õ term
arises from mass mixing, the cos ◊÷÷Õ from kinetic mixing. At the same order in the chiral
Lagrangian, the physical masses of the ALP, pion, and eta mesons are una�ected.

From the ALP mixing with neutral light mesons and the known operators for hadronic
decays of the Kaons in the chiral Lagrangian (see Appendix C), we can calculate the Kaon
decay widths at the leading order (similar calculations can be found in [88]). For simplicity,
in the following we will fix sin ◊÷÷Õ = ≠1/3 [49]. We will comment in the text, how the results
will change if we had fixed a di�erent value of ◊÷÷Õ in the ≠(10¶-20¶) range.

�(K+
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8fi
|gK+fi≠a|

2
|p̨a|

m
2

K

, (5.14)

�(KL æ fi
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where the CP violating parameter in the Kaon mixing is given by ‘K = 2.23 ◊ 10≠3, and |p̨a|
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Cross-section ~ 1/s
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• ALP decay into photons

Patrick Janot 

Direct	discoveries	(cont’d)	
q  Discover	the	dark	sector	

◆  A	very-weakly-coupled	window	to	the	dark	sector	is	through	light	“Axion-Like	
Particles”	(ALPs)	

➨  γ	+	EMISS	for	very	light	a	
➨  γγ	for	light	a
➨  γγγ		for	heavier	a	

●  Orders	of	magnitude	of	parameter	space	accessible	at	FCC-ee	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 
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• ALP decay into leptons

Material from A. Thamm
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Cross-section ~ 1/s

• ALP decay into photons
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• ALP decay into leptons

Material from A. Thamm

Christophe Grojean Future Physics CHIPP, Jan. 23-24, 2019!86

Axion Like Particles

Associated production

Andrea Thamm

• ALP associated production with a H
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Cross-section ~ 1/s

• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a H
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• ALP decay into photons

Associated production
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• ALP decay into photons

Patrick Janot 

Direct	discoveries	(cont’d)	
q  Discover	the	dark	sector	

◆  A	very-weakly-coupled	window	to	the	dark	sector	is	through	light	“Axion-Like	
Particles”	(ALPs)	

➨  γ	+	EMISS	for	very	light	a	
➨  γγ	for	light	a
➨  γγγ		for	heavier	a	

●  Orders	of	magnitude	of	parameter	space	accessible	at	FCC-ee	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 

19 

1712.07237	

Associated production

Andrea Thamm

• ALP associated production with a H
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• ALP decay into leptons

Material from A. Thamm

arXiv:2005.05170

arXiv:1808.10323

FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale, G0+ decay to Standard Model

particles is su�ciently fast to give LHC-observable e↵ects, including possible displaced vertices.

The hĝĝ coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12–14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are confined into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic “confining Hidden Valley” phenomenology [15–21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the ⇠ 1 � 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy, the lightest 0++
twin glueball has the right quantum numbers to mix with

6

e.g. SHiP: arXiv:1504.04855

Mathulsa, Faser…
or precise timing detector @ ATLAS/CMS

SHiP, DarkQuest

(see S. Gori @ DESY2020)

https://arxiv.org/abs/1501.05310
https://arxiv.org/abs/2005.015170
https://arxiv.org/abs/1808.10323
https://arxiv.org/abs/1504.04855
https://indico.desy.de/indico/event/25488/session/5/contribution/93/material/slides/0.pdf
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Flavours		:	B	anomalies,	τ	physics,	…	
q  Lepton	flavour	universality	is	challenged	in	b	�	s	!+!�		transitions	@	LHCb	

◆  This	effect,	if	real,	could	be	enhanced	for		!	=	τ,	in	B→	K(*)	τ+τ- 	
●  Extremely	challenging	in	hadron	colliders	
●  With	1012	Z	→	bb,	FCC-ee	is	beyond	any	foreseeable	competition	

➨  Decay	can	be	fully	reconstructed;	full	angular	analysis	possible	

	

q  Not	mentioning	lepton-flavour-violating	decays		
◆  BR(Z	→	eτ,	µτ)	down	to	10-9	(improved	by	104)	

◆  BR(τ	→	µγ, µµµ)	down	to	a	few	10-10	
◆  	τ lifetime	vs	BR(τ	→	eνeντ,µνµντ)	:	lepton	universality	tests	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 

20 

B0→ K* (892) τ+τ�  

~SM 

- Also	100,000	BS → τ+τ� @	FCC-ee	
Reconstruction	efficiency	under	study 

J.F.	Kamenik	et	al.	
arXiv:1705.11106	

Talk from A. Bondar 
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S. Monteil Flavours @ FCC5

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 1000 1000 250 250 1000 500

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

•�The baseline parameters and the operation model yields the following production rates of 
b-hadrons and tau leptons assumed for the CDR.

• Direct comparison with LHCb yields requires a more involved approach (mode by mode) 
to take into account trigger and reconstruction efficiencies.

1. Anticipated landscape of Flavours - at start of FCC

S. Monteil Flavours @ FCC6

1. Anticipated landscape of Flavours - at start of FCC

Decay mode/Experiment Belle II (50/ab) LHCb Run I LHCb Upgr. (50/fb) FCC-ee

EW/H penguins

B
0 ! K

⇤
(892)e

+
e
� ⇠ 2000 ⇠ 150 ⇠ 5000 ⇠ 200000

B(B0 ! K
⇤
(892)⌧

+
⌧
�
) ⇠ 10 – – ⇠ 1000

Bs ! µ
+
µ
�

n/a ⇠ 15 ⇠ 500 ⇠ 800

B
0 ! µ

+
µ
� ⇠ 5 – ⇠ 50 ⇠ 100

B(Bs ! ⌧
+
⌧
�
)

Leptonic decays

B
+ ! µ

+
⌫mu 5% – – 3%

B
+ ! ⌧

+
⌫tau 7% – – 2%

B
+
c ! ⌧

+
⌫tau n/a – – 5%

CP / hadronic decays

B
0 ! J/ KS (�sin(2�d)) ⇠ 2. ⇤ 106 (0.008) 41500 (0.04) ⇠ 0.8 · 106 (0.01) ⇠ 35 · 106 (0.006)

Bs ! D
±
s K

⌥
n/a 6000 ⇠ 200000 ⇠ 30 · 106

Bs(B
0
) ! J/ � (��s rad) n/a 96000 (0.049) ⇠ 2.10

6
(0.008) 16 · 106 (0.003)

•�The Belle II and LHCb experiments are complementary in their Physics reach. Belle II 
will mostly dominate the CP eigenstates measurements w/ B-mesons, LHCb’s realm will 
be on fully charged final states for all b-hadron species.  The FCC-ee experiments will 
compete favourably everywhere.
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https://indico.cern.ch/event/789349/contributions/3298832/attachments/1806342/2948136/FCC_Flavours_CDR_CERN_March2019.pdf
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cosmological origin astrophysics origin
• inflation/initial quantum fluctuations 
• cosmological phase transition 
• topological defects

• BH/NS mergers 
•

Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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Parameter space scan for a singlet model extension 
of the Standard Model. The points indicate a first 
order phase transition. 

Direct detection of extra Higgs states at 
FCC-hh

(h2 ~ S,   h1 ~ H)
 53

Constraints on models with 1st order phase transition at the FCC

2 types:

- From astrophysical sources (in the late universe)

Gravitational wavesGW signals .

- - Cosmological background filling the whole universe 
- (relic from the early universe)

✔  detected

✘  not yet detected

4

unique information about early universe unique information strong gravity regime 
tests GR

Which GW?

39
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Integrated Power-law sensitivity curves.
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Cosmological GW and Early Universe 
Examples of GW backgrounds of primordial origin .

Gravitational waves as probe into the early Universe

Energy density of GW (red-shift as radiation) 

GW propagates freely in the early universe: 

its production mechanism

�GW(T )

H(T )
⇠ G

2
T

5

T 2/Mpl
=

✓
T

Mpl

◆3
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 Signal from a simple slow roll inflation model :

• amplification of vacuum fluctuations during inflation:

• In de Sitter space (zeroth order in slow roll): scale invariant spectrum. 
Hence well beyond the reach of direct detection! 
 
• To first order in slow roll, even worse!

CMB BBN

aLIGO (O1)

aLIGO (Design)PTA

Planck
eLISA

V1/4≃ 1016 GeV
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ḧij + 3Hḣij + k
2
hij = 0

⌦GW (f) ⇠ fnT nT = �r/8with
where, from CMB, r . 0.1 nT < 0, nT ⌧ 1so

• To have an observational signal
from inflation, will need to go to 
non-standard models

• Of course, though, GWs leave  
an imprint on CMB through 
polarisation pattern of B-modes 
which is a primary probe for its 
detection today.
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GW from cosmic strings
Topological defects generated during a spontaneous symmetry-
breaking phase transition with                          [Kibble1976] 

!3

Nature of Cosmic Strings

Generated from symmetry-breaking  
phase transition [Kibble, 1976] 

Kibble mechanism:  
topological defects of the vacuum manifold 

Thin string ⇒  ~1D object with Nambu-Goto action 
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String inter-commuting: crossing, loop formation 

Cosmic-string network ⇒  Long-lasting GW source !

[Allen & Shellard, 1990]

GWs

Cosmic Strings.

52

String network formation 

[Allen & Shellard 1990]

V(ϕ)

ϕ U(1) ! 1

T &

03π/2

π/2π

Nambu-Goto approximation

[Kibble 1976]

Lcorrelation length

1D classical objects with tension: μ ∼ ⟨ϕ⟩2

π1(G/H) ≠ 1
Topological defects generated during 
spontaneous-symmetry-breaking with 
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Network of  
cosmic strings

Beyond the Standard Models with cosmic strings | Peera Simakachorn (UHH & DESY) 4

Network of cosmic strings
[Allen & Shellard, 1990]

String’s core ≪ horizon size ꔄ 1D classical object with tension 
(Nambu-Goto string)

µ ⇠ ⌘2
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Cosmic string ≡ topological defect from 
spontaneous-symmetry-breaking with ⇡1(G/H) 6= id
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String intercommutation: loop formation extracts energy  
from the network.

Scaling regime
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Beyond the Standard Models with cosmic strings | Peera Simakachorn (UHH & DESY) 4

Network of cosmic strings
[Allen & Shellard, 1990]

String’s core ≪ horizon size ꔄ 1D classical object with tension 
(Nambu-Goto string)

µ ⇠ ⌘2
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Cosmic string ≡ topological defect from 
spontaneous-symmetry-breaking with ⇡1(G/H) 6= id
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GW 
(particle emission 
for global strings)

String intercommutation: loop formation extracts energy  
from the network.

Scaling regime
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string network acts as a long-lasting GW source 
probe the entire cosmic history  

…non-standard cosmology, modified equation of state of the universe with respect to radiation 
domination (early matter or kination eras, secondary short intermediate inflation era…  
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Astrophysical GW: Tests of GR

A precise monitoring of the phase of inspiralling binaries can constrain 
‣ equation of states of compact objects (Neutron stars…) 
‣ new additional propagating fields  
‣ local environment (local dark matter density → dynamical friction)

• Recent progress: entanglement entropy and geometry, soft theorems, asymptotic symmetries 

• GW propagation and graviton mass (alternative to Dark Energy?) 

• GW from BH: imprints in the gravitational waveform → probe of modified GR   

- hairy BH in f(R) gravity/Chern-Simons gravity 

- quantum modifications on horizon scales for macroscopic BHs: features of the near-horizon region, 
tidal deformability, and energy dissipation at the horizon characteristic imprints in the gravitational 
waveforms 

∃ inconsistencies between gravity and QM:  
e.g.  BH information paradox & existence of naked singularities in classical GR
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BH and DM

• Gravitational waveforms from BH mergers are sensitive to local environment →  use BH to measure 
local DM density 

• Ultra-light particles (axions…) → superradiance (spin distributions of BHs), BH surrounded by 
“boson” clouds 

• primordial BHs as DM
Primordial Black Holes as Dark Matter: Recent Developments

���� ���� ���� ���� ���� ���� ���� ����
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FIG. 1. Constraints on f(M) for a monochromatic mass function, based in part on Ref. [26], from evaporations
(red), lensing (blue), gravitational waves (GW) (gray), dynamical e↵ects (green), accretion (light blue),
CMB distortions (orange) and large-scale structure (purple). Evaporation limits come from the extragalactic
gamma-ray background (EGB), the Voyager positron flux (V) and annihilation-line radiation from the Galactic
centre (GC). Lensing limits come from microlensing of supernovae (SN) and of stars in M31 by Subaru (HSC),
the Magellanic Clouds by EROS and MACHO (EM) and the Galactic bulge by OGLE (O). Dynamical limits
come from wide binaries (WB), star clusters in Eridanus II (E), halo dynamical friction (DF), galaxy tidal
distortions (G), heating of stars in the Galactic disk (DH) and the CMB dipole (CMB). Large-scale structure
constraints derive from the requirement that various cosmological structures do not form earlier than observed
(LSS). Accretion limits come from X-ray binaries (XB) and Planck measurements of CMB distortions (PA).
The incredulity limits (IL) correspond to one PBH per relevant environment (galaxy, cluster, Universe). There
are four mass windows (A, B, C, D) in which PBHs could have an appreciable density. Possible constraints in
window D are discussed in the text but not in the past literature.

A. Evaporation Constraints

A PBH of initial mass M will evaporate through the emission of Hawking radiation on a timescale ⌧ / M
3

which is less than the present age of the Universe for M below M⇤ ⇡ 5⇥ 1014 g [141]. There is a strong
constraint on f(M⇤) from observations of the extragalactic �-ray background [4]. PBHs in the narrow
band M⇤ < M < 1.005M⇤ have not yet completed their evaporation but their current mass is below
the mass Mq ⇡ 0.4M⇤ at which quark and gluon jets are emitted. For M > 2M⇤, one can neglect the
change of mass altogether and the time-integrated spectrum of photons from each PBH is obtained by
multiplying the instantaneous spectrum by the age of the Universe t0. The instantaneous spectrum for
primary (non-jet) photons is

dṄP
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where �(M, E) is the absorption cross-section for photons of energy E, so this gives an intensity
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Hawking radiation
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Superradiance 
1411.2263

5

Process (see also) Stellar BHs Supermassive BHs

Superradiance (2p,↵ = 0.3, a⇤ = 0.9) ��1
sr fig. 1 10�4 yr 100 yr

Superradiance (5g,↵ = 1.2, a⇤ = 0.9) ��1
sr fig. 1 10 yr 107 yr

Regge trajectory (2p,↵ = 0.3, fa = 1017 GeV) ⌧regge eq. (11) 106 yr 1012 yr

Eddington Accretion, (Ṁ/M)�1 ⌧eddington 4⇥ 108 yr 4⇥ 108 yr

TABLE I. Characteristic superradiance timescales. We use 10M� and 107 M� as representative stellar and supermassive black
hole masses. The 2p level is the most relevant for annihilation signals, and the 5g level for transition signals.
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FIG. 2. E↵ect of superradiance for a QCD axion with mass
µa = 10�11 eV and decay constant fa = 6⇥1017 GeV. Shaded
regions correspond to BH parameters which would result in
spin down within a binary lifetime (106 years), for ` = 1 (dark
blue) to ` = 5 (light blue) levels. We also show an example
evolution of a 6M� black hole with initial spin a⇤ = 0.95.

that the ` = 3 level mixes with levels that do not satisfy
the SR condition. Therefore the ` = 3 level does not
grow until the ` = 2 level is depleted to the point when
level mixing is a subdominant e↵ect. The time scale for
the `th level to be depleted su�ciently is dominated by
two-boson to one graviton annihilations [4],

⌧regge ' (Nbosenova�a)
�1

���`�1
sr /�`+1

sr

��1/2 , (11)

where �a is the annihilation rate (section III B). For
interacting particles ⌧regge can be much longer than
the superradiance time since (Nbosenova�a) < �sr and���`�1

sr /�`+1
sr

��1/2 � 1. The black hole can therefore spend
a long time on the line where ! = m!+. This line thus
defines for black holes the analog of Regge trajectories
in particle physics. If black hole spin measurements be-
come accurate enough, we could diagnose the presence of
an axion by fitting the curve of BH spin vs. mass to the
superradiance condition.

Once the ` = 2 level is depleted through annihilations,
the ` = 3 level starts to grow and the BH makes another
jump in the BH spin vs. mass plane. The previous pro-
cess then repeats itself, but for the parameters chosen,
the ` = 4 superradiance rate is too slow and once the

spin drops to a⇤ = 0.55, superradiance no longer a↵ects
the BH.
If the black hole is heavier such that the ` = 4 su-

perradiance rate is significant, the 5g and 6g levels grow
with comparable superradiance rates to large occupation
numbers. This sets the stage for a large gravitational
wave signal from level transitions (section IIIA); ` = 4
is the smallest ` for which significant transition signals
occur.
The BH trajectory is more complicated if the bosenova

is possible. In that case, the cloud reaches a maximum
size of Nbosenova and collapses before saturating the su-
perradiance condition. Then, the bosenova has to repeat
many times before the superradiance condition is satu-
rated, and the occupation number of the cloud at the
Regge trajectory is smaller by a corresponding factor.
As we discuss in section III C, the periodic repetition of
bosenovae can give rise to interesting signals.
For supermassive black holes the story changes slightly,

since their spin and mass are acquired through accre-
tion. As a supermassive BH grows, spin extraction by
the cloud happens adiabatically with black hole accre-
tion, moving the BH along the boundary of the region in
the spin vs. mass plane a↵ected by superradiance. Only
a violent event such as a merger will perturb the system
enough so the BH can jump between di↵erent levels. The
long time spent on the trajectories can lead to exciting
annihilation signals at low-frequency gravitational wave
detectors (section III B 2).

III. GRAVITATIONAL WAVE SIGNALS

Processes that have forbiddingly small rates for a sin-
gle particle can be enhanced in the bosonic cloud, since
the occupation number of a single level in the BH-boson
gravitational atom can be exponentially large. Transi-
tions of bosons between two di↵erent levels are enhanced
by N1N2 where Ni is the occupation number for each
level; two-boson annihilations to a single graviton are en-
hanced by N

2
i
. Because of this “lasing” e↵ect, the peak

strain of the resulting gravitational waves (GW) can be
within reach of GW detectors. Superradiance for stellar
black holes can lead upcoming observatories, Advanced
LIGO [11] and Advanced VIRGO [12] — beginning sci-
ence runs in 2015-2016 [19] — into the realm of discovery.
Superradiance for supermassive black holes has exciting

13

horizon, the matter becomes denser and hotter, increas-
ing the luminosity of emitted radiation. The luminosity
does not depend in detail on the disk model: as matter
orbits toward the BH, its gravitational potential energy
is converted to orbital kinetic energy, with the amount
radiated away determined only by assumptions of steady
state rotation, axisymmetry, and conservation laws [44].
Just like the measurement of a star’s radius from its tem-
perature and luminosity, the RISCO measurement relies
on the absolute distance to the BH and the disk inclina-
tion with respect to line-of-sight. These, along with the
BH mass needed to convert RISCO to the dimensionless
quantity a⇤, lead to the dominant sources of error in the
spin measurement [44, 47, 48]. Sub-leading uncertainties
from disk modeling result in less than 10% error in RISCO

and < 3% errors in a⇤ at high spins. The limitation is
that the peak emission must be clearly visible, excluding
SMBHs for which emission is in the unobserved far-UV
or soft X-ray frequencies.

The X-ray relativistic reflection method (also known
as Fe-K or broad iron line method) measures the prop-
erties of the Fe-K↵ spectral line, which is excited in the
accretion disk by an external X-ray source (e.g. the disk
corona or the base of a jet); it can be used to measure
spins of both supermassive and stellar BHs. The X-rays
are partially absorbed, leading to an emission line from
de-excitation with a particularly distinctive shape. Lit-
tle emission occurs inside RISCO since there the density
of matter drops sharply. For higher spin, matter can
be closer to the horizon, resulting in an iron line with a
longer gravitationally red-shifted tail [49]. If the disk is
tilted, the rotation of the disk Doppler-shifts the line to
the blue and the red, resulting in two peaks. Since iron
has high abundance and high fluorescence, and is isolated
in the spectrum, the broadened and distorted line can be
fitted to find RISCO/rg and the inclination of the disk
[50]. The Doppler and gravitational shifts both depend
on the dimensionless quantity RISCO/rg, so knowledge of
the BH mass is not needed to find a⇤.

Spin Limits

Dozens of stellar and supermassive black hole spins
have been measured to date with the techniques de-
scribed above. Since a black hole that satisfies the super-
radiance condition loses its spin quickly on astrophysical
timescales, these measurements place limits on previously
unexplored light boson parameter space.

In fig. 10 we show example regions in the BH spin-
mass plane a↵ected by the superradiance of a QCD axion
with µa = 10�11 eV. The shaded areas correspond to the
` = 1, . . . 5 levels that satisfy the SR condition, separated
by Regge trajectories. A black hole excludes the axion
mass if the SR condition is satisfied for at least one `-level
and, within experimental error, the corresponding super-
radiance rate is fast enough to grow a maximally filled
cloud, �sr ⌧bh � logNmax. The relevant timescale ⌧bh is

ma=10-11eV
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FIG. 10. The shaded regions are a↵ected by superradiance
and bounded by Regge trajectories in the presence of a QCD
axion with mass µa = 10�11 eV. The points are stellar black
holes measurements with 1� error bars (for the two fastest
spinning BHs, the 2� lower spin bounds are shown).

the shortest on which SR can be disturbed: for stellar
BHs, we use the shorter of the age and the Eddington
accretion time; for SMBHs, we use the compact-object
infall time (⌧bh varies between systems so the regions
shown in fig. 10 are approximate).
Fig. 10 also includes BH spin and mass data with 1�

error bars, except for the lower spin limit for the two
highest spin BHs, which are quoted at 2�. The QCD
axion mass and coupling as pictured are clearly excluded
by the two fastest-spinning BHs. Increasing the mass
of the axion shifts the a↵ected regions to the left, re-
laxing the bound. Increasing the axion self-coupling re-
laxes the limits as well: instead of growing to maxi-
mum size all at once, each time the cloud reaches the
critical size Nbosenova it collapses, so the SR rate has
to be larger to extract the spin in the same period,
�sr ⌧bh (Nbosenova/Nmax) � logNbosenova. In addition,
the BH can be trapped on the Regge trajectories; if the
spin and mass of a black hole indicate that it may be on
a Regge trajectory, we only use it to place bounds if it
stays there for a short time, ⌧regge ⌧ ⌧bh.
We show the resulting bounds in fig. 11. Each black

hole places a limit on a range of axion masses and each
`-level leads to the distinct lobes of the exclusion region;
higher levels have longer superradiance times and give
increasingly weaker constraints. For large axion masses,
there is no measured BH light enough to satisfy the SR
condition; for axion masses too small, the “atomic cou-
pling” ↵ is too weak, resulting in a too-slow spin ex-
traction rate or too-quick mode-mixing (section V) in
the presence of perturbation from the BH companion
star. For strong self-interactions (Nbosenova ⌧ Nmax),
the bounds no longer apply; this is in contrast with typ-
ical laboratory experimental limits for axions which are
relaxed if interactions are su�ciently weak.
The bounds rely on our computation on the SR rate,

and so have some theoretical uncertainty. On the right

BH mass vs. spin

BH spin distribution can probe 
the existence of very light scalars
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Conclusions
We don’t know what BSM is! So we should keep searching:

“Looking and not finding is different than not looking!” 
There is a vigorous experimental program on a vast range of energy scales.

It will surely guide us to a new understanding of nature.
LHC turned out to be a very diverse machine exploring many different fronts in a correlated way.
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Conclusions
We don’t know what BSM is! So we should keep searching:

“Looking and not finding is different than not looking!” 
There is a vigorous experimental program on a vast range of energy scales.

It will surely guide us to a new understanding of nature.
LHC turned out to be a very diverse machine exploring many different fronts in a correlated way.

Data always brings new understanding.
We need facts and data: Physics is a natural science!

We have profound questions and we need create opportunities to answer them.


