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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

( christophe.grojean@desy.de )
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                On INtelligent Signal Processing for FrontIEr Research & Industry, 
                          to be held at the Autonoma in Madrid, 23/8 to 4/9, 2021 

 

Subject: Invitation                                                                              July 12th 2021 

Dear Professor Grojean 

After Oxford, Paris, Hamburg, Sao Paulo and HUST in Wuhan, the 6th edition of the INFIERI 
International Summer School series on "Intelligent Signal Processing for Frontier Research 
and Industry" will be held this year at the University Autonoma in Madrid (UAM), from 
August 23 to September 4, 2021. This cross-disciplinary School (flyer here attached) gathers 
the fundamental research with the high tech and engineering worlds with as common goal: 
building intelligent instruments for exploring the Universe or the Human Body or the ultimate 
structure of Matter.  

This international School will attract 80 to100 students (mainly PhDs and young postdocs, 
many from the fundamental research area (Astrophysics/ Cosmology and High Energy Physics) 
and some of applied field (e.g. Medical Physics/Medicine) as well as from the related 
Engineering domains, but with strong Physics basis. 

The school scheduled on July last year was postponed for obvious reasons to 2021. This year 
we take the challenge have the school in-person and thus to restore the so essential direct and 
vivid exchanges between students and Professors. This challenge is without forgetting to 
guarantee the needed safety conditions with a strict organization and rules.  

The School program and organization are in http://infieri2020.ft.uam.es/ciaff/, and an overview 
in “UAM-Prog_at_glance-2021.pdf” (here attached). 

For the first time in the INFIERI School series, the introductory vision lectures on the two 
fundamental research fields of the School e.g. Particle Physics and Astrophysics/Cosmology, 
will be given by Theoreticians. Indeed, this school edition will pursue and even strengthen the 
essential and bijective links between Theory-Experiment-High-Technology, which are at the 
core of this school series.  

Moreover, and also for the first time, “hands-on Labs” organized as dedicated theory 
masterclasses will be set-up thanks to the strong support of the IFT-UAM, on both the HEP and 
Astrophysics/Cosmology topics covered by the School. 

Because of your renowned research and academic accomplishments in the fundamental field 
we are inviting you to give the introductory vision lecture (1h45 min) on Particle Physics, on 
August 24, at 11 am, with as tentative tittle (to be modified at your convenience): “Higgs and 
beyond, what will we learn at the future accelerators?”. 

Christophe Grojean Higgs Physics Ibarra, March. 10-12, 2o1513
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Higgs and Beyond
what will we learn at the future accelerators

mailto:christophe.grojean@desy.ch


Christophe Grojean INFIERI-UAM,  August 20212

Citius, Altius, Fortius

Often, the athletes, as the physicists, push the frontiers/break the records. 
How high can a human jump with a pole? 

Physics (energy conservation) tells us that longer and longer poles don’t help!

Over the years, we have learnt a few other conservation laws 
that tell us what an athlete/a particle can do or cannot do.

— Remarkable breakthrough in the understanding of Nature: —
forces among particles are associated to symmetries
conservation of E → invariance by (time)-translation

electro-magnetic forces → (local) invariance by phase rotation of particle wavefunctions

�h = 7.62m

�h =
v2

2g

footspeed:  44.72km/h 
(Usain Bolt, Berlin,  August 2009, between 60m and 80m)

The Standard Model of Particle Physics
Lorentz symmetry + internal SU(3)xSU(2)xU(1) symmetry

 (was S. Bubka cheating?)
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SM Chirality
SM = S(R+Q)M

triumph of Special Relativity + Quantum Mechanics

Particles = representations of Poincaré group, labelled by 
(according to Coleman-Mandula)

A priori in agreement with data
Why is the top special?

BUT 
spectrum is incompatible 

with chiral nature of (gauge) symmetries
chiral fermion ➾ m=0 only
gauge boson ➾ m=0 only

(picture: courtesy of A. 
Weiler)

(spin, mass) ⊗ internal quantum numbers

quantised continuous at least SU(3)xSU(2)xU(1)

mailto:andreas.weiler@cern.ch,%20christophe.grojean@cern.ch?subject=Your%20mass-spectrum%20plot
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Chirality of Weak Interactions
Wu ‘56

Weak interaction 
(force responsible for 

neutron decay)
is chiral!

[eL and eR are fundamentally 
two different particles

Only an accident of the history of 
physics that they are both called 

electron]

60
27Co ! 60

28Ni + e� + ⌫̄e

In molecular biology, chirality seems an emergent property.
Are the chiral nature of the weak interactions emergent too?
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Weak interactions maximally violates P
This explains the peculiar decay pattern of the pions

�(⇡� ! e�⌫̄e)

�(⇡� ! µ�⌫̄µ)
/ m2

e

m2
µ

⇠ 2⇥ 10�5 ⇠ 10�4
obs

Extra phase-space factor

SM is a Chiral Theory

!-

e-"e

⇒⇒

Conservation of momentum and spin
imposes to have a RH e-

Weak decays proceed only w/ LH e-

Needs a chirality flip to end up with RH e- 
So the amplitude is prop. to me

LDirac =  ̄L�
µ@µ L +  ̄R�

µ@µ R +m
�
 ̄L R +  ̄R L

�

 Naively
�(⇡� ! e�⌫̄e)

�(⇡� ! µ�⌫̄µ)
⇠ (m⇡ �me)5

(m⇡ �mµ)5
⇠ 500  But

�(⇡� ! e�⌫̄e)

�(⇡� ! µ�⌫̄µ)
⇠ 10�4

Different forces for e and μ? 
No: selection rule due to EW chirality!
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electron
has 2 polarisation

6

Chirality & Masslessness

Particle spinning 
clockwise wrt its 

direction of motion  

Particle spinning 
anticlockwise wrt its 
direction of motion  

Weak interactions distinguish between 

Particle spinning 
clockwise wrt its 

direction of motion  

Particle spinning 
anticlockwise wrt its 
direction of motion  

Weak interactions distinguish between 

Pi
ct
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e 
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If your theory sees a difference between eL and eR, 
either your theory is wrong or me=0

Quantum Mechanics 1.0.1
Particle of spin s has 2s+1 polarisation states

Relativistic invariance: 
There must be no distinction between massive 
particles spinning clockwise or anti-clockwise   

[chirality operator doesn’t commute with the Hamiltonian]

Relativistic invariance 1.0.1:
there must be no distinction between  *massive* electrons 

spinning clockwise or anti-clockwise  
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Spontaneous Symmetry Breaking

Oxford English

Christophe Grojean Higgs Physics Ibarra, March. 10-12, 2o1513
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vacuum = a space entirely devoid of matter

vacuum = a space filled with Higgs substance
Physics English

Short-distance interactions ≠ Long-distance interactions
 The masses are emergent due to a non-trivial structure of the vacuum

The vacuum of the SM breaks SU(2)xU(1) to U(1)em 

via the dynamics of an elementary scalar field
The Higgs Boson

4

mass. The “cancellation” of massless bosons to give
a massive boson, as anticipated by Anderson and
developed in the 1964 papers, is the famous Higgs
mechanism; for their contributions to its discovery,
Englert and Higgs received this year’s Nobel Prize
in Physics. (For more, see page 10 of this issue.)

As recounted in his 2010 talk “My Life as a
Boson,” Higgs submitted his second paper of 1964
to Physics Letters, which promptly rejected it.10
Shocked at that setback, he revised and expanded
the manuscript, adding the key observation that
when applied to a charged spinless boson, the Higgs
mechanism leaves behind a neutral spinless boson.
That neutral particle—the Higgs boson—has a mass
determined by the shape of the Mexican-hat poten-
tial energy density, but that mass cannot be expressed
in terms of the mass generated for the gauge boson.
Higgs sent the improved revision to a different jour-
nal, Physical Review Letters, and it was promptly 
accepted.

At first, theorists thought that the most suitable
application of spontaneous symmetry breaking to
particle physics was in the arena of the strong inter-
actions. Only in 1967 did Weinberg, and, independ-
ently, Salam, realize that the Higgs mechanism of-
fered an elegant explanation of the weak interactions.
In their model, which is now the electroweak portion
of the standard model, four Higgs fields are related
by a gauge symmetry of the type introduced by
Yang and Mills. Three Goldstone bosons are eaten
to give large masses to the W+, W−, and Z bosons that
mediate the weak interactions. An added bonus, not
foreseen by Higgs and the rest, is that the Higgs
field also gives mass to quarks and leptons, the ele-
mentary fermions that make up matter.

The mass of the Higgs boson left behind is not
predicted, but the interactions of the Higgs with
other elementary particles can be precisely com-
puted as a function of its mass and the masses of the
other particles. Furthermore, the exchange of virtual
Higgs bosons generates an attractive short-range
force. If the Higgs boson is an elementary particle,
as so far appears to be the case, then that force is
every bit as fundamental as the gauge-boson-medi-
ated forces of the standard model. In that case, the
Higgs would be the first fundamental force media-
tor ever detected that is not a gauge boson.

The discovery
The ATLAS and CMS (Compact Muon Solenoid) ex-
periments at the LHC were built to probe the mech-
anisms of electroweak symmetry breaking and the
particle origins of dark matter. Wired up with about
a hundred million readout channels each and made
up of many thousands of tons of material that inter-
acts with the particles emanating from the LHC’s
high-energy proton–proton collisions, the two de-
tectors have already managed to capture and recon-
struct many rare Higgs boson candidate events.11

Since Higgs bosons decay into other particles
after about 100 yoctoseconds (10−22 seconds), the col-
lider searches involve several different decay signa-
tures or channels. Figure 3 illustrates the two most
important channels used by ATLAS and CMS in
their quest for the Higgs. One represents the Higgs

decay process into two virtual Z bosons, each of
which, in turn, decays into an electron–positron or
muon–antimuon pair. The other shows the Higgs
decay into two photons. The image on pages 28 and
29 shows a visualization of the data produced by a
Higgs boson candidate at the LHC; the four decay
products are muons or antimuons—a pair of each—
whose tracks are depicted as red lines.

The experimental results so far suggest that the
particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 

The new particle cannot be a spin-1 particle be-
cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
crete symmetries of charge conjugation and coordi-
nate inversion, or parity), as the pion wavefunction
does. So the new particle is either unchanged by CP,
as a Higgs boson is, or it could be a CP-violating 
admixture if there exists a new source of matter–
antimatter asymmetry related to the Higgs. The pro-
duction rate of the particle and the degree to which
it decays into different channels appear consistent
with the standard-model predictions for the Higgs
boson, although the experimental uncertainties are

www.physicstoday.org December 2013 Physics Today    31

V ϕ( )

Re ϕ

Im ϕ

Figure 2. The Mexican-hat potential energy density considered by 
Jeffrey Goldstone in his seminal 1961 paper.2 The energy density is a
function of the real (Re) and imaginary (Im) values of a spinless field ϕ.
In the context of the electroweak theory developed later in the decade,
the yellow ball at the top of the hat would represent the symmetric 
solution for the potential, in which the photon, W bosons, and Z boson
are all massless. The blue ball in the trough represents the solution after
symmetry breaking. In that solution the W and Z bosons are massive
and the photon remains massless. The steepness of the trough is related
to the mass of the Higgs boson.

• At this point it is usually claimed 
that spontaneous symmetry 
breaking is obvious, but this is 
not so

• For example in the double well 
quantum mechanics problem, 
there is a degeneracy 
associated with a Z2 symmetry

• But the ground state is a 
superposition that preserves the 
symmetry!

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014

Goldstone’s Mexican Hat (1961)

Ground state of QM double well potential 
is a superposition of two states each localised on one minimum, 

and this superposition preserves the Z2 symmetry of the potential  

In QFT, it is more difficult to transition between degenerate vacua  
and spontaneous symmetry breaking can occur

(or more correctly, the symmetry is non-linearly realised in Hilbert space) 

QM vs QFT (courtesy of J. Lykken@Aspen2014)

https://indico.cern.ch/event/276476/session/1/contribution/0/material/slides/0.pdf
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Symmetry of the Lagrangian Symmetry of the Vacuum

Higgs Doublet Vacuum Expectation Value

SU(2)L � U(1)Y

H =

�
h+

h0

⇥

U(1)e.m.

⇥H⇤ =
�

0
v�
2

⇥
with v � 246 GeV

�SU(2)hHi = i
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✓
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✓
1
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◆
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✓
�I

I

◆
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3

✓
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✓
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0

◆
hHi = 0 ✓QED = ✓Y = ✓3 Q = Y + T3L

V (H) = �
�
|H|2 � v

2
/2
�2

Most general (renormalisable) Higgs potential

v2>0 EW symmetry breaking, v2<0 no breaking
Why Nature has decided that v2>0? No dynamics explains it!

�Y hHi = i✓Y

✓
1/2

1/2

◆
hHi 6= 0

Spontaneous Symmetry Breaking
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Before EW symmetry breaking

• 4 massless gauge bosons for SU(2)x(1): 4 x 2 = 8 dofs
• Complex scalar doublet: 4 dofs

After EW symmetry breaking

• 1 massless gauge boson, photon: 2 dofs
• 3 massive gauge bosons, W± and Z: 3 x 3 = 9 dofs
• 1 real scalar: 1 dof

H =

 
0

v+h(x)p
2

!

h(x) describes the Higgs boson
(the fluctuation above the VEV).

The other components of the Higgs doublet H become 
the longitudinal polarisations of the W± and Z.

Higgs Boson
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After
EWSB

10

SM is a chiral theory (≠ QED that is vector-like) 

meēLeR + h.c. is not gauge invariant

The SM Lagrangian cannot contain fermion mass term.
Fermion masses are emergent quantities

that originate from interactions with Higgs VEV:

Fermion Masses

Y=-1Y=1/2

L = ye

✓
⌫̄L

ēL

◆
·
✓

H
+

H
0

◆
eR =

ye vp
2

✓
ēLeR +

1

v
ēLeR h

◆

Y=1/2Y=1/2 Y=-1

H =

✓
0

v+hp
2

◆

Higgs Boson

Higgs couplings proportional to the mass of particles
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Higgs couplings 
are proportional 

to the masses of the particles

Higgs

�� �SM

�SM
= O(1)
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m�

v
, �V =
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�

3

“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
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CMS Preliminary -1 19.6 fb� = 8 TeV, L s  -1 5.1 fb� = 7 TeV, L s

SM Higgs Fermiophobic Bkg. only

“It looks like a doublet”
overall compatible w/ SMRelated to EWSB

The Higgs PR plot

http://cms-higgs-results.web.cern.ch/cms-higgs-results/Comb/HIG-14-009/sqr_m6summary_fit.png
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 A mass term corresponds in the Lagrangian to an operator that is quadratic in the field. in QFT, this operator 
needs to be Lorentz invariant and invariant under the local/gauge symmetries. For spin-1/2 field, there are two 
types of mass terms:

• a Dirac mass (conserves Fermion number): 

• a Majorana mass (changes Fermion number by two units):

m ̄ = m
�
 ̄L R +  ̄R L

�

m ̄C  = m
�
 ̄LC L +  ̄RC R

�
where  C = i�2 ⇤ is the charge conjugated spinor

where  ̄ =  †�0

A chiral fermion can have a Majorana mass
A Dirac mass requires spinors of opposite chirality

Whether or not a Dirac or a Majorana mass can be included in the Lagrangian 
depends on the charges of the fermion under the gauge transformations

Within the SM (with the Higgs field), a Dirac mass can written for the charged leptons and the quarks 
while a Majorana mass can be written only for the neutrinos.

One cannot write a Majorana mass for the electron since it would violate U(1)em

Fermion Masses
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Neutrino Masses
The same construction doesn’t work for neutrinos

since in the SM there are only Left Handed neutrinos

For a uncharged particle, it is possible to write a Majorana mass

LMajorana = m ̄C  = m
�
 ̄LC L +  ̄RC R

�

can build such a term with LH field only

L =
y⌫

⇤

✓
⌫L

eL

◆

C

·
✓

H
+

H
0

◆✓
⌫L

eL

◆
·
✓

H
+

H
0

◆
=

y⌫ v
2

⇤
⌫LC⌫L

mass3/2 mass mass3/2 mass

Seesaw: m⌫ =
y⌫v2

⇤

Order eV
for yν~1 and Λ~1014GeV 

non-renormalisable operator 
(that’s why it is often said that neutrinos are massless within the SM)
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The Higgs Boson is Special
The Higgs discovery in 2012 has been an important milestone for HEP.

And many of us are still excited about it.

Higgs = new forces of different nature than the interactions known so far

• No underlying local symmetry
• No quantised charges
• Deeply connected to the space-time vacuum structure

The knowledge of the values of the Higgs couplings is essential 
to understand the deep structure of matter/Universe 

   mW, mZ  ↔ Higgs couplings

lifetime of stars
(why tSun~ tlife evolution?)

✓

nuclei stabilitysize of atoms

?
   me, mu, md  ↔ Higgs couplings

?
EW @ t~10-10s ↔ Higgs self-coupling

?
       matter/anti-matter ↔ CPV in Higgs sector
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The Unknowns of the Higgs Sector 
If one assumes the SM is fully describing Nature,

then all parameters of the SM Lagrangian can be fixed 
from experimental inputs

Fermion masses
& mixing All Yukawa couplings

Higgs mass
Fermi constant

2 parameters 
of the Higgs potential

But the SM *cannot* be the ultimate description of nature !

For instance, fermions masses *could* be generated by yij |H|2nij F̄iHFj instead of yijF̄iHFj

This could even offer an explanation to the fermion mass hierarchy.

It would predict Higgs-fermion interactions different than in SM
Most of them haven’t been measured and will wait a long time:

— Higgs-muon coupling needs full HL-LHC luminosity —
— Higgs-electron coupling is unlikely to be measured in next 50 years —

Fermion masses
& mixing All Yukawa couplings

Higgs mass
Fermi constant

2 parameters 
of the Higgs potential
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yij |H|2nij F̄iHFj , as a solution to the mass hierarchy, is actually ruled out 

But one can rely on extra scalar who also develops a vacuum expectation value around the weak scale

yijS
nij F̄iHFj

Varying Yukawa’s during the cosmological evolution of the Universe
Much larger at early time — Hierarchical values only at late time

2

Yukawa couplings are controlled by the VEV of some scalar
fields (the so-called “flavons”) and it is natural to wonder
about their cosmological dynamics. Our working assumption
is that the flavon couples to the Higgs and therefore the flavon
and the Higgs VEV dynamics are intertwined, motivating the
possibility that the Yukawas vary during the EWPT. The vari-
ous implications of this framework for electroweak baryogen-
esis will be presented in a series of papers. We will in particu-
lar discuss the CKM matrix as the unique CP-violating source
[31] as well as specific models of varying Yukawas [32, 33].

In this letter, the key point we want to make is that we do not
need to specify the dynamics responsible for the evolution of
the Yukawas to derive the nature of the EWPT. In fact, even if
the dynamics of the scalar potential of the flavon-Higgs cou-
pled system would correspond to a second order EW phase
transition when ignoring the variation of fermion masses, the
fact that the Yukawas of the SM were large during the EWPT
is enough to completely change the nature of the EWPT, while
relying only on the SM degrees of freedom (dof).

III. EFFECT OF FERMIONIC MASSES ON THE EWPT

The physics of the effect of varying Yukawas is related to
the contribution of effective relativistic dof g⇤ to the effec-
tive potential Ve↵ � �g⇤⇡2T 4/90. Regions in Higgs space
in which species are massive correspond to a decrease in g⇤
and hence an increase in Ve↵ . The effect of species coupled to
the Higgs is therefore to delay and hence strengthen the phase
transition. In the usually assumed case where the Yukawas
have the same values during the EWPT as today, all Yukawas
except the one of the top quark are small and therefore al-
most all fermions are light even in the broken phase during the
EWPT. Therefore there is no significant change in g⇤ during
the EWPT and the effect of the light fermions is negligible.
Crucially, the contribution of bosonic species to the finite-T
effective potential also includes a term cubic in the mass and
hence bosonic dof not only delay the phase transition but also
create a barrier between the two minima. However, the effect
of the SM bosons is insufficient to provide a strong first-order
phase transition [1]. Thus, the common lore consists of adding
additional bosonic degrees of freedom to strengthen the phase
transition. As mentioned in the introduction, this has been
severely constrained at the LHC.

On the other hand, it was shown in [34] that adding new
strongly-coupled fermions with constant Yukawa couplings
can also help to strengthen the EWPT. Though these do not
create a thermal barrier on their own, they can lead to a de-
crease in g⇤ between the symmetric and broken phases and
hence delay and strengthen the phase transition. However,
these models are far from minimal. They suffer from a vac-
uum instability near the EW scale due to the strong coupling
of the new fermions and new bosons are also needed to cure
this instability.

In our approach of varying Yukawas, these problems are
alleviated. We are interested in models where the variation
of the Yukawa couplings is due to the VEV of a flavon field,
coupled to the Higgs, whose VEV therefore also varies during

FIG. 1: The mass of a fermionic species as a function of � for a
constant Yukawa coupling, n = 0, and varying Yukawas. In the
constant Yukawa case we take y(�) = 1. For the varying Yukawa
cases we take y1 = 1 and y0 = 0 (see Eq. 2).

the EWPT. If the Yukawa couplings decrease with the Higgs
background value �, the SM fermions can be massless both
in the symmetric phase, at � = 0, as well as at � ⇠ v due to
the falling couplings, but be massive somewhere in between,
i.e in the region 0 < � < v. This raises the potential in this
area and can therefore create a barrier. The quantitative size of
this effect is encoded in the effective potential which we shall
study below.

We stress that this does not mean that the Yukawa couplings
are controlled solely by the Higgs field, i.e. the Higgs need not
itself be the flavon (such a scenario is strongly constrained by
various Higgs and flavour measurements, see [20, 21, 26, 27]).
The variation of the Yukawas is related to the variation of the
Higgs VEV during the EWPT (during which the flavon VEV
may also change) but the Yukawas today do not depend on
the Higgs VEV v = 246 GeV nor are the Higgs-fermion cou-
plings sizeably affected. Model-dependent implementations
will be presented elsewhere [32, 33].

The aim of this letter is to stress the model-independent
features of the physics of Yukawa variation. We will therefore
present results using the following ansatz for the variation of
the Yukawa related to the variation of the Higgs VEV itself:

y(�) =

(
y1

⇣
1�

h
�
v

in⌘
+ y0 for �  v,

y0 for � � v.
(2)

The mass of the fermion species is given by

mf =
y(�)�
p
2

(3)

and we illustrate the dependence of mf on � in Fig. 1. Equa-
tion (2) just expresses the fact that before the EWPT, the
Yukawas take values y1 and after the EWPT they take their
present value y0. The power n is just a parametrisation of how
fast the variation is taking place and is therefore encoding the
model dependence. Depending on the underlying model, the
Higgs field variation will follow the flavon field variation at
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FIG. 2: The evolution of the effective potential with temperature
in the SM (top) and with varying Yukawas (bottom). The vary-
ing Yukawa calculation includes all SM fermions with y1 = 1,
n1 = 1 and their respective y0, chosen to return the observed fermion
masses today (for the neutrinos we have assumed Dirac neutrinos and
m⌫ = 0.05 eV). In the varying Yukawa case we find a first-order
phase transition with �c = 230 GeV and Tc = 128 GeV (second
order transition at Tc = 163 GeV for the constant Yukawa case).

different speeds. Large values of n mean the Yukawa cou-
pling remain large for a greater range of � away from zero.
We will see that large n strengthen the phase transition.

We study the strength of the EWPT for different choices of
n, y1 ⇠ O(1) and the number of degrees of freedom, g, of the
species with the �-dependent Yukawa coupling. The results
do not depend strongly on the choice of y0 as long as y0 ⌧ 1.
The top Yukawa is assumed to be constant and take its SM
value.

Of course, in a realistic model the different fermion species
will take on different values of n, y1 and y0 (also the underly-
ing model determines whether only quarks, only leptons or all
fermion masses are controlled by the same flavon). Our aim
here is to simply illustrate the effect through a simple ansatz
and an overall variation of n, g and y1.

The possibility that the Yukawa couplings could change
during the EWPT was raised in [35] but the impact on the na-
ture of the EWPT was ignored, the emphasis was on the pos-
sibility to get large CP violation from the CKM matrix during
the EWPT. We show in the next section the three main effects

FIG. 3: Solid lines: Contours of �c/Tc = 1 for different choices of
y1 and y0 = 0.02, areas above these lines allow for EW baryoge-
nesis. Dashed lines: areas above these lines are disallowed (for the
indicated choices of y1 and y0) due to the EW minimum not being
the global one.

that Eq. (2) has on the Higgs effective potential.

IV. EFFECTIVE HIGGS POTENTIAL WITH VARYING
YUKAWAS

We consider the effective potential given by the sum of the
tree level potential, the one-loop zero temperature correction,
the one-loop finite temperature correction and the daisy cor-
rection [36]

Ve↵ = Vtree(�) + V 0
1 (�) + V T

1 (�, T ) + VDaisy(�, T ). (4)

In the framework we have in mind, this potential depends
as well on the additional flavon field(s) coupling to the
Higgs. However, for the generic points we want to stress,
we should ignore the flavon(s) degrees of freedom and take
the SM tree level potential. We study the evolution of the
effective potential with temperature numerically, including
the SM fermionic dof with varying Yukawas, in addition to
the usual bosonic SM fields. An example of the evolution of
the effective potential with varying Yukawa couplings, with a
comparison to the SM case (constant Yukawas), is shown in
Fig. 2. We next scan over n and g for different choices of y1
and find the strength of the phase transition, as characterised
by the ratio of the critical VEV to temperature, �c/Tc

(successful EW baryogenesis requires �c/Tc & 1 [37]).
Our results are summarised in Fig. 3. Below we discuss
the different terms of the effective potential and identify the
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1st order phase transition +  enhanced source of CP
All what you need for create matter/antimatter imbalance!

The Unknowns of the Higgs Sector 
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[and we, HEP practitioners, are all entitled for some royalties!]

The SM and... the LHC data so far

rules the world!
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The SM and... the Universe

[and we all have to return our royalties!]

+...

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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 Neutrino masses
 Matter-antimatter asymmetry

 Dark Matter
 Dark Energy

 Quantum gravity
{
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is not enough

we do not understand the Matter the Universe is made from
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Christophe Grojean Higgs Physics Ibarra, March. 10-12, 2o1513

Gold"one equivalence 'eorem

➲➲
➲

3

[p
ic

tu
re

s:
 c

ou
rt

es
y 

of
 D

.E
. K

ap
la

n 
@

 p
ar

ti
cl

e 
fe

ve
r]

?
?

?

?

?
??

?

?

?

?
?

What is Beyond Standard Model?

?
I don’t know. Nobody knows [If it were known, it would be part of the SM!]

Many evidences that BSM exist
We have plenty of good ideas and there are rich opportunities

But no guarantee we are on the right track
We should stay open-minded and also learn from our failures

“Looking and not finding is different than not looking”
19
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Where and how does the SM break down?
Which machine(s) will reveal (best)  this breakdown?
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*energy	consump.on	per	integrated	luminosity	(and	Higgs	produced)	is	lower	at	circular	colliders	but	the	energy	consump.on	per	
GeV	is	lower	at	linear	colliders;	cross-over	at	~	365	GeV(running	costs:	255	EUR/Higgs	at	FCC-ee240,	>7’000	EUR/Higgs	at	ILC250)	

Leptons
 S/B ~ 1 ➾ measurement?

 polarized beams 
        (handle to chose the dominant process)

 limited (direct) mass reach

 identifiable final states 

 ➾ EW couplings  

 higher luminosity + same tunnel for ee/hh 
 several interaction points
“greener”*: less power consumption at low E

 precise E-beam measurement
  ( O(0.1MeV) via resonant (transverse) depolarization) 

 √s limited by synchroton radiation

Circular Linear
 easier to upgrade in energy 

 easier to polarize beams

“greener”*: less power consumption at high E

 large beamsthralung 

 one IP only

 large mass reach ➾ exploration?
 S/B ~ 10-10 (w/o trigger)
 S/B ~ 0.1 (w/ trigger)
 requires multiple detectors 

                (w/ optimised design) 

 only pdf access to √š
 ➾ couplings to quarks and gluons

Hadrons

Which Machine(s)?
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Hadrons

Which Machine(s)?

The technical challenges of big colliders:
- energy: 1013 larger than everyday life batteries. 

- magnetic field: 104 larger than everyday life magnets. 
Currents needed in 16T magnets ~ intramolecular fields (100 MV/m).

Going higher will imply a reorganisation of matter!
Plasma wakefield acceleration
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Hadrons

Which Machine(s)?
Choice between different options: delicate balance between

physics return, technological challenges and feasibility, 
time scales for completion and exploitation, financial and political realities

Exploration machines are at the heart of HEP.
Current consensus towards European Strategy Update:
the best way to go to “energy frontier” is to start with 

an e+e- Higgs factory

 Higher luminosity
 Dedicated Z-pole run

 Can be extended in energy
 Polarised (longitudinal) beams

Linear or Circular?
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Future of HEP: Flagship Projects

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
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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.

4/58

Summary	of	National	Inputs																											S.	Bethke		(MPP	Munich)																												ESPP	Symposium,	Granada,	15	May	2019 �4
UB

Possible	scenarios	of	future	colliders

2020 2070

HL-LHC:	13	TeV	3-4	ab-1		

20402030

FCC	hh:	100	TeV	20-30	ab-1

HE-LHC:	27	TeV	10	ab-1		

2050 2060

CLIC:	380	GeV	
1.5	ab-1

Ja
pa
n

	C
ER

N

ILC:	250	GeV		
2	ab-1

CepC:	90/160/240	GeV	
16/2.6/5.6	ab-1	

500	GeV	
4	ab-1

FCC-ee:		
90/160/250	GeV		
150/10/5	ab-1	

FCC	hh:	100	TeV	20-30	ab-1		

Ch
in
a SppC	aim	similar	to	FCC-hh	

LHeC:	1.2TeV	
0.25-1	ab-1© FCC-eh:	3.5	TeV	2	ab-1

Proton	collider
Electron		collider
Electron-Proton		collider

2080

Construction/Transformation

7	years

10	years

11	years

8	years

2090
13/05/2019

350-365	GeV		
1.7	ab-1	

1.5	TeV	
2.5		ab-1

3	TeV	
5		ab-1

9	years

20km	tunnel	

100km	tunnel	

100km	tunnel	

11	km	tunnel	
29	km	tunnel	 50	km	tunnel	

FCC	hh:	150	TeV	≈20-30	ab-1		
11	years

15	years

1	TeV	
≈	4-5.4	ab-1

31km	tunnel	 40	km	tunnel	

100km	tunnel	

4	years

8	years

8	years

8	years

6	years2	years

Preparation

5	years

Ursula Bassler, Granada 13.05.2019

don’t wait LHC to finish

➙ improved PDFs and interesting Higgs measurements too
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Future of HEP: Flagship Projects

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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UB

Possible	scenarios	of	future	colliders

2020 2070

HL-LHC:	13	TeV	3-4	ab-1		

20402030

FCC	hh:	100	TeV	20-30	ab-1

HE-LHC:	27	TeV	10	ab-1		

2050 2060

CLIC:	380	GeV	
1.5	ab-1

Ja
pa
n

	C
ER

N

ILC:	250	GeV		
2	ab-1

CepC:	90/160/240	GeV	
16/2.6/5.6	ab-1	

500	GeV	
4	ab-1

FCC-ee:		
90/160/250	GeV		
150/10/5	ab-1	

FCC	hh:	100	TeV	20-30	ab-1		

Ch
in
a SppC	aim	similar	to	FCC-hh	

LHeC:	1.2TeV	
0.25-1	ab-1© FCC-eh:	3.5	TeV	2	ab-1

Proton	collider
Electron		collider
Electron-Proton		collider

2080

Construction/Transformation

7	years

10	years

11	years

8	years

2090
13/05/2019

350-365	GeV		
1.7	ab-1	

1.5	TeV	
2.5		ab-1

3	TeV	
5		ab-1

9	years

20km	tunnel	

100km	tunnel	

100km	tunnel	

11	km	tunnel	
29	km	tunnel	 50	km	tunnel	

FCC	hh:	150	TeV	≈20-30	ab-1		
11	years

15	years

1	TeV	
≈	4-5.4	ab-1

31km	tunnel	 40	km	tunnel	

100km	tunnel	

4	years

8	years

8	years

8	years

6	years2	years

Preparation

5	years

Ursula Bassler, Granada 13.05.2019

don’t wait LHC to finish

➙ improved PDFs and interesting Higgs measurements too

 Stay safe/healthy and live long! 
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(i) Exploration of the Higgs Sector
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SM: Once-Now

Many thanks to J. De Blas et al. (HEPfit)  
for the analysis of current data   

and to A. Paul for plotting the results

EW Higgs

TGC

EW known at 0.1%
TGC known at 1%

Higgs known at 10%
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SM: Future
 HL-LHC projection Future Colliders

EW
Higgs

TGC

EW
Higgs

TGC
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The SM Challenges to Further Progress

25

Early LHC days: fast progress followed from increased statistics
Statistics will be less and less important ↔ Systematics will be dominant

— Therefore progress requires —
• Better control of parametric uncertainties, e.g. PDFs, αs, mt, mH

• Higher order theoretical computations, e.g. N…NLO
• Access to phase-space limited regions
• Understand correlations among different bins in diff. distributions

Status of NNLO

14

NNLO scale uncertainty bands of 1-2%. 

Is the theory uncertainty indeed 1-2%? 

theoretical uncertainties

S. Farry | University of Liverpool 24/22

Don’t think future HEP 
is only EXP-business.

Theorists have 
to work harder too!

NNLO needed 
to reach O(1%) precision
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The SM Fast Progress

      Jonas M. Lindert 4

H

Outline

• ttH: ttbb background modelling

• H-inc: mixed QCD-EW 
• H-pT: NNLO+N3LL 
• H-pT: t & b NLO mass effects 

∆TH~5%

∆TH~1-2%

∆TH~0.5%

∆TH~5%

• VBF-H: differential NNLO revised New!
New!

New!

New!

New!• VH(+jet) @ NLOPS QCD+EW New!

Sample of major SM computations in Higgs physics in the last few years

J.
 L

in
de

rt
 @

 S
M

@
LH

C’
18

https://indico.desy.de/indico/event/18350/session/1/contribution/21/material/slides/0.pdf
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Higgs Fit (Future Collider Alone)
ECFA Higgs study group ‘19
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Important synergy 
HL-LHC — low energy lepton colliders

1. Top/Charm Yukawa
2. Statistically limited channels: γγ, mumu, Zγ
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Higgs Fit (HL-LHC+Future Collider)

With HL-LHC, 
yt doesn’t 

require tth threshold

https://arxiv.org/abs/1905.03764
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Synergy ee(MZ)-ee(MH)

Figure 12: Changes in correlations between couplings depending on the precision of EW
measurements assumed. The top row is for CEPC and the bottom two rows are for FCC-ee.
HL-LHC projections are included for all scenarios.

and FCC-ee .
The change in the correlations from one EW scenario to another for both CEPC and

FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole these two sectors get decoupled. While we see from table 1 that the
assumption of perfect EW measurements and the case for the inclusion of a Z-pole run give
numerically similar bounds for both the colliders, from figure 12 we see that the correlation
maps are di�erent. It can then be understand from these variations of the correlation map
why ”Ÿ“ is still a�ected by the EW assumptions made even after the inclusion of EW
measurements from a Z-pole run at the lepton colliders since the bound on it is diluted by
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w/o Z-pole run w/ Z-pole run

J. De Blas et al. 1907.04311

interplay of runs at different energies change the correlation pattern

minimising correlations essential to lift flat directions in coupling fit
e.g. Higgs coupling sensitivity improves by 50% with new Z pole data

https://arxiv.org/abs/1907.04311
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Higgs

TGC

LEP/LHC
EW measurements
are a limiting factor to 
precision programme

w/. Z-pole
EW uncertainties
are not a limit to 
precision programme

Synergy ee(MZ)-ee(MH)
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Impact of Beam Polarisation (@250GeV)

massless fermions to a vector is given by [41, 51]

‡Pe+ Pe≠ = ‡0(1 ≠ Pe+Pe≠)
5
1 ≠ ALR

Pe≠ ≠ Pe+

1 ≠ Pe+Pe≠

6
(2.10)

where ‡Pe+ Pe≠ is the cross section corresponding to a beam polarization of Pe+ and Pe≠

for the e+ and e≠ beam respectively and ‡0 is the unpolarized cross section. ALR is
the intrinsic left right asymmetry of the production cross section. For the SM e+e≠

æ

Zh production channel ALR = 0.1516. The e�ective luminosity, which scales as 1/2(1 ≠

Pe+Pe≠), is enhanced over that for unpolarized beams or that for the positron beam with
no polarization giving a corresponding reduction of statistical uncertainties.

For the ‹‹h production mode, which is driven by W boson fusion, the scaling for the
polarization is simpler. It depends only on the polarization since the reaction is driven
by left-handed fermions and right-handed anti-fermions (i.e. ALR = 1 in equation (2.10)).
Therefore, the scaling from the unpolarized cross section (‡LR) is given by:

‡Pe+ Pe≠ = 1
4‡LR(1 ≠ Pe≠)(1 + Pe+) (2.11)

In this case it is clear that a negative polarization for the electron and a positive polarization
for the positron will enhance the cross-section and the contrary will reduce it.

The prescriptions we adopt for the scaling of statistical uncertainties from one polar-
ization to the other are the following:

• e+e≠
æ Zh : As described in ref. [10], ALR being small, the enhancement in lu-

minosity for the P (e≠, e+) = (≠80%, +30%) beam polarization configuration over
the (+80%, ≠30%) is cancelled out by the slightly lower background in the latter.
Hence, the e�ective di�erence due to the term proportional to ALR in equation (2.10)
is evened out. So we assume that the statistical uncertainties will be the same for the
configurations (±80%, û30%) and can be scaled to other polarization configurations
using equation (2.10) with ALR set to 0.

• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (2.11) to scale the

statistical errors for the di�erent polarizations.

On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

2.6 Fitting procedures

Two di�erent statistical frameworks were used to implement the global fits performed for
this work. The two procedures were implemented completely separately and the fits were
performed with the same inputs. We describe here the two frameworks and their di�erences.

6
Given left- and right-handed couplings of charged lepton to the Z are respectively proportional to

≠1 + 2s2
W and 2s2

W , this polarization asymmetry is approximated by (1 ≠ 4s2
W )/(1 ≠ 4s2

W + 8s4
W ) and is

very sensitive to the sine of the weak mixing angle sW .

– 12 –

Statistical gain from increased rates

From ee→Zh,  ALR~0.15 so ��80,+30 ⇠ 1.4�0

overall, one could expect 
O(6%) increased coupling sensitivity

Gain is much higher in global EFT fit
since polarisation removes 

degeneracies among operators

Polarisation benefit diminishes when other runs at higher energies are added
and basically left only with statistical gain

increased sensitivities Polarised vs. Unpolarised scenarios 
@ 250GeV

Figure 8: Strengthening in global constraints arising from the introduction of P (e≠, e+) =
(û80%, ±30%) and (û80%, 0%) beam polarizations at a centre-of-mass energy of 250 GeV
(in red and green, respectively) quantified as ”g(unpolarized)/”g(polarized)≠1 expressed in
percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on e+e≠

æ hZ

and e+e≠
æ ‹‹h rate incurred with (û80%, ±30%) beam polarization. The grey band is

representative of a 5.6% gain (
Ô

1.24 ◊ 0.9 ≠ 1). The numerical inputs for P (e≠, e+) =
(û80%, ±30%) and unpolarized beams are taken from table 1.

imate degeneracies. Including higher-energy runs also reduces degeneracies and therefore
limits the relative impact of beam polarization. Imposing perfect EW measurements only
a�ects ”g1,Z and ”Ÿ“ , increasing the improvement brought by polarization to 40–50% level
as for ”gZZ

H
and ”gW W

H
. Considering EW couplings, the gain on ”gl‹

W
coupling precisions is

commensurate with the purely statistical one and small in the case of and ”gee

Z,R
.

From figure 9 we get some insight into the di�erence in the correlation maps between
the case of the polarized beams and the unpolarized ones. Removing positron polarization
does not change the correlation map of for the polarized beams. It can be seen that ”Ÿ“

is always correlated with ”gee

Z,L
and ”gee

Z,R
. The latter are progressively better constrained

with the growth of energy for the case of polarized beams when compared to unpolarized
as is apparent from table 2. The correlation between ”g1,Z and ”ge‹

W
at all energies is also

distinctive for the case of the polarized beams and absent for unpolarized beams.
Beam polarization also helps controlling systematic uncertainties, an aspect we have

– 24 –

Gain reaches 80%

J. De Blas et al. 1907.04311

https://arxiv.org/abs/1907.04311
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Access to e- Yukawa

Patrick Janot

Comparisons with other scenarios
q Low-energy Higgs factories

u One million Higgs in three years at FCC-ee
u gHZZ and GH: typically twice better at FCC-ee

u Higgs self-coupling sensitivity only at FCC-ee

14 Novembre 2019
FCC France, LPNHE, Paris 8

q Unique to FCC-ee: Hee coupling
u 20 ab-1 / year at √s = 125 GeV   (not in baseline FCC-ee)

u Monochromatization s√s ~ 1-2 × GH ~ 6 to 10 MeV

l Resonant ee→ H production

l 2s excess in one year with 2 IP

l ±15% precion on ke in 3 years with 4 IP
è Not feasible at ILC or CLIC

# Higgs bosons:        500k        175k       1.1M           1.3M

First number: kappa fit / Second number: EFT fit
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■ LHC can only measure 3rd (plus a few 2nd)-generation Yukawas. 
■ Can we prove mass generation for stable (u,d,e,n) matter in the Universe?
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√s
spread 

= G
H 

= 4.2 MeV

~45% x-section reduction

■  s(e+e-H) = 1.64 fb for Breit-Wigner with natural G
H 

= 4.2 MeV width.
    But Higgs production greatly suppressed off resonant peak.

■ Convolution of Gaussian energy spread of each e± beam with Higgs
    Breit-Wigner leads to a (Voigtian) effective cross-section decrease:

              √              √ss
eeee

 spread (MeV) spread (MeV)

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Reachable with beams 
monochromatization?
What luminosity loss price?

[F.Zimmermann, A.Valdivia:
 JACoW-IPAC2017-WEPIK015
 JACoW-IPAC2019-MOPMP035
 See F. Zimmemann’s slides]

6/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

■ Extra ~40% reduction 
    due to QED radiation:

s
spread+ISR

(e+e-H)=0.17´s(e+e-H)=290 ab 

√s
spread 

~ G
H 

= 4.2 MeV
■ Full convolution of both effects:

Reduction: ~45%
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eeee

 spread (MeV) spread (MeV)

e± energy loss due to 
QED (ISR+FSR)

Reduction: ~40%

[S.Jadach, R. Kycia, PLB755 (2016) 58]

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Note: Higgs pole known to within ±5MeV
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV
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Access to e- Yukawa
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— Are theoretical inputs needed? —                

Higgsdecaydiagramswithtikzfeynmanpackage

R.A.

H

e�

e+
YW

W�

W+

⌫H

e�

e+
YZ

Z0

Z0

e

Figure1:LoopdiagramforH!e+e�

H

e�

e+
Ye

Figure2:TreediagramforH!e+e�

1

W

W

Z

Z

e

e

e

e
e "H H

chirality suppressed loops (propto to me)
~ 5% - 10% corrections

e+

e−

γ, Z

f

f̄

e+e− → ff̄

σ(e+e− → ff̄) ∼ (103 . . .104)fb

e+

e−

γ, Z
t, b

H

γ

f

f̄
inverse Dalitz: e+e− → Hγ → ff̄γ

+ · · ·

σ(e+e− → Hγ) =
2πΓH

sMH

∑

|M|2
p2

(p2 − M2
H)2 + M2

HΓ2
H

dPS3

Abbasabadi, Bowser–Chao, Dicus, Repko

inverse Dalitz: no chirality suppression any longer

Dangerous background? Probably not
see M. Spira@Snowmass 09.20

https://indico.fnal.gov/event/44636/contributions/192429/attachments/133846/165289/spira.pdf
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3

⇠ hFF̃ �

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton,  , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.

of ỸS , ✓, and m :

df = d(2l)
f

⇥Q2
 
ỸS

v

m 

sin(2✓)
⇥
g(m2

 
/m2

h
) � g(m2

 
/m2

S
)
⇤
,

(13)
where the loop function is given by

g(z) =
z

2

Z 1

0
dx

1

x(1 � x) � z
ln

✓
x(1 � x)

z

◆
, (14)

which satisfies g(1) ⇠ 1.17 and g ⇠
1
2 ln z for large z. We

show the Feynman diagram responsible for this contribu-
tion on the right of Fig. 1.

It is instructive to consider di↵erent limits of
(13). When mh ⌧ m ,mS , to logarithmic accuracy
g(m2

 
/m2

h
) � g(m2

 
/m2

S
) !

1
2 ln(m

2
min/m

2
h
), where mmin

is the smaller of mS and m . In this limit, the heavy
fields can be integrated out sequentially, with S and  
first, and h second. The first step is simplified by the
use of the chiral anomaly equation for  , @µ ̄�µ�5 =
2i ̄�5 + ↵

8⇡Q
2
 
Fµ⌫ F̃µ⌫ . This leads to the following iden-

tification:

c̃h

⇤̃2
=
↵Q2

 

4⇡

ỸSA
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Apart from a smaller value for the logarithmic cuto↵,
the result in this limit di↵ers little from the contact op-
erator case above. Even if the value of the logarithm is
not enhanced, ln(m2
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2
h
) ⇠ O(1), the corrections to

the Higgs diphoton rate will be limited to at most the
sub-percent level unless a fine-tuned cancellation of de is
arranged with some other CP -odd source.

We now consider a di↵erent near-degenerate limit,
|mh � mS | ⌧ mh, which turns out to be more inter-
esting as it allows the EDM constraints to be bypassed.
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where in the final step we made use of the large m limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting between h
and S or less. An O(1 GeV) mass splitting would nat-
urally place Av2/(m2

h
m ) in the O(10�2

� 10�3) range,
suppressing the EDM safely below the bound.
At the same time, as explicitly shown in Ref. [5], mod-

ifications to the h ! �� rate can be significant, and
enhancement can come from the Fµ⌫ F̃µ⌫ amplitude. Un-
like corrections to the Fµ⌫Fµ⌫ amplitudes that can en-
hance or suppress the e↵ective rate, the CP -odd chan-
nel always adds to R�� . Assuming that the mass di↵er-
ence between the singlet and the Higgs is small enough
that they cannot be separately resolved (which requires
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< 3 GeV with current statistics [5]), the ap-
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The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is
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Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.
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Why this measurement is important?
Constraints on CPV from exquisite EDM

CPV bounds from EDM would vanish if hee is zero

http://arxiv.org/abs/arXiv:1208.4597
http://arxiv.org/abs/arXiv:1310.1385
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■ LHC can only measure 3rd (plus a few 2nd)-generation Yukawas. 
■ Can we prove mass generation for stable (u,d,e,n) matter in the Universe?
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√s
spread 

= G
H 

= 4.2 MeV

~45% x-section reduction

■  s(e+e-H) = 1.64 fb for Breit-Wigner with natural G
H 

= 4.2 MeV width.
    But Higgs production greatly suppressed off resonant peak.

■ Convolution of Gaussian energy spread of each e± beam with Higgs
    Breit-Wigner leads to a (Voigtian) effective cross-section decrease:

              √              √ss
eeee

 spread (MeV) spread (MeV)

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Reachable with beams 
monochromatization?
What luminosity loss price?

[F.Zimmermann, A.Valdivia:
 JACoW-IPAC2017-WEPIK015
 JACoW-IPAC2019-MOPMP035
 See F. Zimmemann’s slides]
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■ Extra ~40% reduction 
    due to QED radiation:

s
spread+ISR

(e+e-H)=0.17´s(e+e-H)=290 ab 

√s
spread 

~ G
H 

= 4.2 MeV
■ Full convolution of both effects:

Reduction: ~45%
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e± energy loss due to 
QED (ISR+FSR)

Reduction: ~40%

[S.Jadach, R. Kycia, PLB755 (2016) 58]

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Note: Higgs pole known to within ±5MeV
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV
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⇠ hFF̃ �

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton,  , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.
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sub-percent level unless a fine-tuned cancellation of de is
arranged with some other CP -odd source.
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where in the final step we made use of the large m limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting between h
and S or less. An O(1 GeV) mass splitting would nat-
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suppressing the EDM safely below the bound.
At the same time, as explicitly shown in Ref. [5], mod-
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enhancement can come from the Fµ⌫ F̃µ⌫ amplitude. Un-
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Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings
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electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.
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Why this measurement is important?
Constraints on CPV from exquisite EDM

CPV bounds from EDM would vanish if hee is zero

Interpreting the Electron EDM Constraint

Cari Cesarotti,a Qianshu Lu,a Yuichiro Nakai,b Aditya Parikh,a and Matthew Reecea
a Department of Physics, Harvard University, Cambridge, MA, 02138

b Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08854

January 7, 2020

Abstract

The ACME collaboration has recently announced a new constraint on the electron EDM,
|de|< 1.1⇥ 10�29

e cm, from measurements of the ThO molecule. This is a powerful constraint
on CP-violating new physics: even new physics generating the EDM at two loops is constrained
at the multi-TeV scale. We interpret the bound in the context of di↵erent scenarios for new
physics: a general order-of-magnitude analysis for both the electron EDM and the CP-odd
electron-nucleon coupling; 1-loop SUSY, probing sleptons above 10 TeV; 2-loop SUSY, probing
multi-TeV charginos or stops; and finally, new physics that generates the EDM via the charm
quark or top quark Yukawa couplings. In the last scenario, new physics generates a “QULE
operator” (qf�

µ⌫
ūf ) · (`�µ⌫ ē), which in turn generates the EDM through RG evolution. If the

QULE operator is generated at tree level, this corresponds to a previously studied leptoquark
model. For the first time, we also classify scenarios in which the QULE operator is generated at
one loop through a box diagram, which include (among others) SUSY and leptoquark models.
The electron EDM bound is the leading constraint on a wide variety of theories of CP-violating
new physics interacting with the Higgs boson or the top quark. We argue that any future
nonzero measurement of an electron EDM will provide a strong motivation for constructing new
colliders at the highest feasible energies.

1 Introduction

The ACME collaboration has used ThO molecules to constrain the electron electric dipole moment
(EDM) to be [1]

|de|< 1.1⇥ 10�29
e cm. (1.1)

This is about an order of magnitude improvement on the previous bound from ACME [2] and from
studies of HfF+ at JILA [3]. A nonzero electron EDM would establish physics beyond the Standard
Model. The electron EDM violates CP (or equivalently, T) symmetry. In the Standard Model, this
symmetry is violated by a handful of parameters: the CKM phase, which generates an electron
EDM only at four loops with |de|⇠ 10�44

e cm but also a CP-odd electron-nucleon interaction that
can mimic an EDM of size |de|⇠ 10�38

e cm [4] (see [5,6] for earlier work); the strong phase ✓̄, which
generates an electron EDM |de|. 10�37

e cm [7, 8]; and phases associated with the lepton sector,
which give contributions at two loops suppressed by neutrino masses [9] with an expectation that
|de|. 10�43

e cm or, in the presence of severe fine-tuning, at most |de|. 10�33
e cm [10]. As a result,

it is of great interest to continue searching for a smaller electron EDM consistent with (1.1) but
inconsistent with the Standard Model.

The recent progress in EDM searches comes at a key time in the field of particle physics. The
discovery of the Higgs boson at the LHC filled in the last missing piece of the Standard Model. While
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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

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

ESU, arXiv:1910.11775

http://arxiv.org/abs/arXiv:1208.4597
http://arxiv.org/abs/arXiv:1310.1385
https://arxiv.org/abs/2010.08709
https://indico.cern.ch/event/858682/contributions/3840424/attachments/2032715/3402456/Reece_Pheno_2020.pdf
https://arxiv.org/abs/1910.11775
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Higgs Self-Coupling
Higgs self-couplings is very interesting for a multitude of reasons 

(vacuum stability, hierarchy, baryogenesis, GW, EFT probe…). 

How much different from the SM can it be 
given the tight constraints on other Higgs couplings?

Do you need to reach HH production threshold to constrain h3?• Comparison of capabilities to measure the H3 coupling 

Jorge de Blas 
INFN - University of Padova

KAIST-KAIX Workshop for Future Particle Accelerators 
Daejeon, July 8, 2019

The Higgs self-coupling
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How to measure deviations of λ
3

di-Higgs single-H

exclusive

global

1. di-H, excl.
• Use of σ+HH,             

 • only deformation of κλ

3. single-H, excl.
• single Higgs processes at higher order
• only deformation of κλ                          

2. di-H, glob.
• Use of σ+HH,                                                  
• deformation of κλ + of the single-H couplings
+a, do not consider the effects at higher order 

of κλ to single H production and decays
+b,  these higher order effects are included    

4. single-H, glob.
• single Higgs processes at higher order
• deformation of κλ + of the single Higgs 

couplings

 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Hadron collider Lepton collider
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W
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W
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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Indirectly: via single Higgs
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Single-Higgs couplings (1)

 Higgs self-interaction via one-loop corrections of the single-Higgs production
– κ

λ
-dependent corrections to the tree-level cross-sections

 pp colliders:

ZH

ννH

VBF

ttH

VH

 ee colliders:

 ex. for κ
λ 
= 2:

– σ(pp→ttH) modified by 3%
– σ(ee → ZH) modified by 1%

ggF
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ECFA Higgs study group ‘19

50% sensitivity: establish that h3≠0 at 95%CL
20% sensitivity: 5σ discovery of the SM h3 coupling

5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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49% (41%)
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 50% (46%)
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Higgs@FC WG November 2019

Don’t need to reach HH threshold 
to have access to h3. 

Z-pole run is very important 
if the HH threshold cannot be reached

1

The determination of h3 at FCC-hh 
relies on HH channel, 

for which FCC-ee is of little direct help.
But the extraction of h3 

requires precise knowledge of yt.
1% yt ↔ 5% h3

2

Higgs Self-Coupling

Precision measurement of yt needs ee



Christophe Grojean INFIERI-UAM,  August 202135

New Physics

(ii) Exploration potential

e.g. susy searches, vector resonances, extended Higgs sectors, searches for new interactions
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QM+SR basic rules
are such that models with heavy scale 

cannot accommodate 
a light Higgs boson nor a small vacuum energy.

Need to have additional structures/selection rules
for it to happen

36

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

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

 compressed spectra 

 displaced vertices

 no MET, soft decay products, long decay chains

 uncoloured new physics

    

  

  

 R-susy

 Neutral naturalness 
     (twin Higgs, folded susy)   

 Relaxion

36

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

Where is everyone?

— Simplicity —
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?

⤿ ?

— Complexity —
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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

Where is everyone?

need for a versatile machine 
capable to adjust to very different new physics scenario

— Simplicity —
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?

⤿ ?
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LHC14/LHC8: 
mass reach x O(2)

VHE-LHC100/LHC14: 
mass reach x O(5)

Direct exploration of an unexplored energy territory 
Salam & Weiler “cern.ch/collider-reach” ’14

The power of PDF

http://collider-reach.web.cern.ch/collider-reach/
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LHC14/LHC8: 
mass reach x O(2)

VHE-LHC100/LHC14: 
mass reach x O(5)

Direct exploration of an unexplored energy territory 
Salam & Weiler “cern.ch/collider-reach” ’14

The power of PDF
100-ish TeV pp collider
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Figure 7: Evolution with time of the mass reach at
p

s = 100 TeV, relative to HL-LHC,
under di↵erent luminosity scenarios (1 year counts for 6 ⇥ 106 sec). The left (right) plot
shows the mass increase for a (qq̄) resonance with couplings enabling HL-LHC discovery
at 6 TeV (1 TeV).

tive on extending the discovery reach for new phenomena at high mass scales,
high-statistics studies of possible new physics to be discovered at (HL)-LHC,
and incisive studies of the Higgs boson’s properties. Specific measurements
may set more aggressive luminosity goals, but we have not found generic
arguments to justify them. The needs of precision physics arising from new
physics scenarios to be discovered at the HL-LHC, to be suggested by anoma-
lies observed in e+e� collisions at a future linear or circular collider, or to
be discovered at 100 TeV, may well drive the need for even higher statistics.
Such requirements will need to be established on a case-by-case basis, and
no general scaling law gives a robust extrapolation from 14 TeV. Further
work on ad hoc scenarios, particularly for low-mass phenomena and elusive
signatures, is therefore desirable.

For a large class of new-physics scenarios that may arise from the LHC,
less aggressive luminosity goals are acceptable as a compromise between
physics return and technical or experimental challenges. In particular, even
luminosities in the range of 1032 cm�2s�1 are enough to greatly extend the
discovery reach of the 100 TeV collider over that of the HL-LHC, or to en-
hance the precision in the measurement of discoveries made at the HL-LHC.

We have given an overview of the impressive raw capabilities of the 100
TeV pp collider. Of course, given that we can extrapolate the SM alone

16

Hinchliffe, Kotwal, Mangano, Quigg, LTW 

A factor of at least 5 increase in reach 
beyond the LHC, with modest luminosity

Hinchliffe, Kotwal, Mangano, Quigg, Wang ’15

http://collider-reach.web.cern.ch/collider-reach/
http://indico.cern.ch/event/438866/timetable/%23all.detailed
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In conventional realizations of SUSY, a special role is played by the 
Higgsinos, stops, and gluinos, as these couple strongest to the Higgs. 

(Dimopoulos & Giudice ’95; Cohen, Kaplan & Nelson ’96 ......) 

t̃
t

g̃

t̃

hh

h
µ

h

hh

t̃

�m2
H

⇠ � y2
t

⇡2

↵s

⇡
m2

gluino

✓
log

⇤

mgluino

◆2

�m2
H

⇠ � 3

8⇡2
y2
t
m2

stop
log

⇤

mstop

�m2
H

⇠ |µ|2
Λ = “messenger scale,” a 
UV scale where the soft 
masses are generated

What should we expect?

} well tested @ LHC
but most questionable predictions

(RG effects)

}
light Higgsinos!

very low sensitivity @ LHC
ILC needed to probe the other side 

I. Probing natural SUSY

light stops, light gluinos!
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I. Probing natural SUSY
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Fig. 16: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left [right]
panel shows the 5 � discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%

systematic uncertainty is assumed and pile-up is not included.

3.4.2.2 Associated production with meq > meg

The gluino-squark-neutralino model in the previous section was probed in a region where meg ⇠ meq. In
this section, we consider squark-gluino associated production in a region of parameter space in which
the gluinos are relatively light, while the squarks are heavier, but not completely decoupled. This work
is documented more completely in [150], where we have analysed the prospects for squark-gaugino
associated production at a 100 TeV collider.

Squark-gluino associated production is interesting because it has the potential to probe much
higher squark masses than those reached in pair production. Spectra with a hierarchy between the gluino
and the first two generation squarks are predicted in many scenarios, such as anomaly-mediated SUSY
breaking [151, 152], or in “mini-split"-type models [33, 153, 154].

We consider two simplified models for squark-gluino associated production. In both, the particle
content consists only of first and second generation squarks, gluino, and a Bino LSP (e�0

1 = B̃). The two
models correspond to different choices of the LSP mass:

– Non-compressed: M1 = 100 GeV (results in Fig. 18(a))
– Compressed: meg � me�0

1
= 15 GeV (results in Fig. 18(b))

where we take the first and second generation squarks to be degenerate in mass, and decouple all other
superpartners. Our results are insensitive to the choice of M1 = 100 GeV in the non-compressed spectra,
as the LSP is effectively massless for me�0

1
⌧ meg. The compressed spectra are consistent with the gluino-

neutralino dark matter (DM) coannihilation region [155, 156].
Events from squark-gluino associated production have distinctive event topologies, with a hard

leading jet and significant E/T . Both arise primarily from the decay of the heavy squark, since the gluino
is produced at relatively low pT . As in the gluino simplified models above, the dominant sources of
background are top pair production and production of an SM boson + jets [78]. However, both of these
backgrounds fall off rapidly both with increasing pT (j1), E/T , and E/T

p
HT (where HT is the scalar sum

of the jet transverse energies). This can be seen for an example spectrum point in Fig. 17.
The leading jet typically has a pT (j1) ⇠ meq/2, while the decay of the squark into the LSP

eq ! qeg ! 3 qe�0
1 results in a highly boosted neutralino and large E/T . As such, heavy squark - light

gluino associated production events have a striking collider signature with very low SM backgrounds.
We impose the following baseline cuts for both spectra:

HT > 10 TeV, E/T /
p

HT > 20 TeV1/2.

32

Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/T cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),

25
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exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.
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Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),
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I. Natural SUSY: beyond standard searches

Run-1: search for heavy stop (t̃2)
• 2012 (20 fb�1): stops searches based on t̃1 t̃1

production, with t̃1 ! t�̃0
1 or t̃1 ! b�̃±

1

• No sensitivity for t̃1 ! t�̃0
1 with

m
t̃1

& m�̃0
1
+ mt : very similar to SM tt̄

• [New at the LHC] Production of the heavier
stop mass eigenstate (t̃2) relying on the
t̃2 ! Zt̃1 decay to reduce tt̄ ! Signature:
Z(`+`�)+`+b+E

miss
T

• Eur. Phys. J. C 74 (2014) 2883 (20 fb�1)
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Run-2: t̃2 searches in 2016

• Analysis performed in collaboration with the Bern group

• ATLAS-CONF-2016-038 (13 fb�1): explore t̃2 ! Zt̃1 with 3`+b+E
miss
T

• JHEP 1708 (2017) 006 (36 fb�1): analysis extended to t̃2 ! ht̃1 with
1`+4b+E

miss
T

• Interpretations for varying BRs in t̃2 ! ht̃1/Zt̃1 and also for t̃1 ! t�0
2,

�0
2 ! h/Z �̃0
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Searching for light stop from heavy stop decay

~ RUN 2 ~

X. Poveda @ DESY’17

~ RUN 1 ~



Christophe Grojean INFIERI-UAM,  August 2021

  Wʹ  
  WL

  ZL

● ●

A combination of VV searches

JJ

Jlν Jll

JJ

Jlν

Jll

for the W
0
! WLZL and Gbulk ! WLWL signal hypotheses is found in the mass range to

1.9 < mX < 2.1 TeV, while the excess extends down to mX = 1.8 TeV for the ZLZL sig-
nal hypothesis. In these mass ranges, the ATLAS data prefer a production cross section of
⇡ 10 fb, while the CMS data favour smaller values (⇡ 3 fb) and are more consistent with the
no-signal hypothesis. The maximum-likelihood (ML) combined cross section is essentially
identical to the corresponding ATLAS value. The scan of the profiled likelihood functions
are compared in Figure 10 for mX = 2 TeV, corresponding to the largest signal significance.
Due to the large uncertainties on the signal strength, the best-fit cross-section values by
ATLAS and CMS are compatible within ±1� for W

0
! WLZL and Gbulk ! WLWL. The

compatibility is slightly reduced under the Gbulk ! ZLZL hypothesis.
In conclusion, the mild CMS excess reduce slightly the large ATLAS excess, but the

global significance stays well above 3 � for Gbulk ! WLWL and Gbulk ! ZLZL hypotheses
and close to 3 � for W

0
! WLZL. The preferred mass range for the excess after the

combination is for mX between ⇡ 1.9 and ⇡ 2 TeV.

Figure 7. Full hadronic CMS + ATLAS combined limits (black). The green (yellow) bands

represent the two sigma (one sigma) limits from our fit with the fudge factors. The read and blue

lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-only.

From left to right we show respectively the results for Gbulk ! WLWL, W
0
! WLZL and

Gbulk ! ZLZL selections and signal hypotheses.

Figure 11 shows the evolution of observed and expected limits when the signal is com-
posed by ZLZL and WLWL components.

– 12 –

Figure 8. The p-values from full hadronic CMS + ATLAS combination (black). The green (yellow)

bands represent the two sigma (one sigma) limits from our fit with the fudge factors. The red and

blue lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-

only. We also show the result of the combination without use of the fudge factors in dashed. From
left to right we show respectively the results for Gbulk ! WLWL, W

0
! WLZL and Gbulk ! ZLZL

selections and signal hypotheses.

Figure 9. Best fitted cross section for ATLAS and CMS combination in the VV ! JJ channel,

compared with the best fitted cross section from the individual results for ATLAS-only (red) and

CMS-only (blue). The green (yellow) bands represent the two sigma (one sigma) limits from our fit

with the fudge factors. From left to right we show respectively the results for Gbulk ! WLWL,

W
0
! WLZL and Gbulk ! ZLZL selections and signal hypotheses.
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,

Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual

ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed

(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the

ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value

to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and

not including them (dashed).
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,

Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual

ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed

(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the

ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value

to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and

not including them (dashed).
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F. Dias et al. http://arxiv.org/abs/1512.03371
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At 8 TeV, some excess in ZW decays (in jets) mostly in ATLAS:
The ATLAS Dijet Diboson excess  
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp = nsig + nbg. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in

16

• ATLAS reported an excess in the Run I all-jet Diboson search 

• Excess seen at ≈2 TeV in three overlapping analyses (i.e., not 
independent results)


• 3.4� in the WZ channel, 2.6� in WW, 2.9� in ZZ


• Global significance evaluated to 2.5� after Look Elsewhere effect
ATLAS arXiv:1506.00962 
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp = nsig + nbg. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp = nsig + nbg. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Spin-1 resonance searches: enhanced by large 
couplings from the 
composite sector

Glimpses at the LHC? suppressed by large couplings from the 
composite sector

40

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Torre, Thamm, Wulzer ’15

Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as

�Ŝ =
g
2
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(4.1)

where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �
2 as a function of ⇠, m⇢, ↵, �, i.e. �

2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �
2 due to the contribution of the UV terms, we
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Recasts of CMS run-1 W’, Z’ searches 
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http://arxiv.org/abs/1502.01701


Christophe Grojean INFIERI-UAM,  August 202140

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Torre, Thamm, Wulzer ’15

e.g. 
- indirect searches at LHC over-perform direct searches 
for g > 4.5
- indirect searches at ILC over-perform direct searches 
at HL-LHC for g > 2
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m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.
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As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as
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where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �
2 as a function of ⇠, m⇢, ↵, �, i.e. �

2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �
2 due to the contribution of the UV terms, we
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Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not affect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b′, Mb′ > 268 GeV, is derived assuming
that b′ decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ∼ 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb−1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5

single prod.
pair prod.

[Contino, Servant ’08]

 tt+jets is not a background [except for charge mis-ID and fake e-]

 the resonant (tW) invariant mass can be reconstructed
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Moriond’17 bound: 1160 GeV
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Aguilar-Saavedra ’09๏ l± + 4b final state

Aguilar-Saavedra ’09

Azatov et al ’12

Vignaroli ‘12

๏ l± + 6b final state

๏ γγ final state

b

๏ l± + 4b final state
Vector-Like Top Summary  

Vector-like T  
BR Hypothesis 

95% CL Limit on mT (GeV)  
obs (exp) 

95% CL Limit on mT (GeV)  
obs (exp) 

100% Wb (chiral, Y) 770 (795) 920 (890) 

100% Zt 810 (810) 790 (830) 

100% Ht 950 (885) 770 (840) 

T singlet 800 (755) 740 (800) 

T in (T, B) doublet 855 (820) 760 (820) 

arXiv:1509.04177 

ATLAS (*) CMS 

arXiv:1505.04306 

Vector-like top masses below ~720 GeV excluded for any possible combination of BRs. 

Combined limits 

15 

(*) Not a combination. Only most restrictive  
individual bounds shown. 

1505.04306 1509.04177

Moriond’17 update
bounds above 1 TeV!

http://arXiv.org/abs/0907.3155
http://arXiv.org/abs/0907.3155
http://arXiv.org/abs/1204.0455
http://arXiv.org/abs/1204.0468
http://arXiv.org/abs/1505.04306
http://arXiv.org/abs/1505.04306


Christophe Grojean INFIERI-UAM,  August 202144

12

Search for Extended Higgs sectors

Extended Higgs sectors are a prediction of many BSM scenarios. 
They may play a role in the following open questions:

- (EW) Baryogenesis 

- Identity of Dark Matter

- Smallness of the neutrino masses

- Naturalness of the EW scale

Modified scalar potential can lead 
to a 1st order EW phase transition

Type-II see-saw through extra scalars

Scalar DM with TeV mass 

Scalar mediators in hidden-sector 
DM coupled to Higgs portal

Extended scalar sectors follows in natural theories: 
i) SUSY 
ii) Neutral Naturalness

A 100TeV pp collider offers the unique opportunity to discover EW-charged 
or SM-singlet scalars with a few TeV mass 

☞

20.

Fig. 88: 95% C.L. exclusion bounds for neutral (left panel, from [517]) and charged (right panel, from [296])
Higgses of the MSSM at a 100 TeV collider. The blue and orange regions are probed by the channels pp !

bbH0/A ! bb⌧⌧ and pp ! bbH0/A ! bbtt for the neutral Higgses and pp ! tbH±
! tb⌧⌫ pp ! tbH±

! tbtb

for the charged Higgses, respectively. The red region is probed by heavy Higgs production in association with one
or two top quarks, with subsequent decay to t̄t, yielding a same-sign dilepton signature. Given the same channel
or the same color, the two different opacities indicate the sensitivities w.r.t. a luminosity of 3 ab�1 and 30 ab�1 at
a 100 TeV pp collider, respectively. The cross-hatched and diagonally hatched regions are the predicted exclusion
contours for associated Higgs production at the LHC for 0.3 ab�1, and 3 ab�1, respectively.

Parent Higgs Decay Possible Final States Channels in 2HDM
HH type (bb/⌧⌧/WW/ZZ/��)(bb/⌧⌧/WW/ZZ/��) H0

! AA, h0h0

Neutral Higgs HZ type (``/qq/⌫⌫)(bb/⌧⌧/WW/ZZ/��) H0
! AZ, A ! H0Z, h0Z

H0, A H+H� type (tb/⌧⌫/cs)(tb/⌧⌫/cs) H0
! H+H�

H±W⌥ type (`⌫/qq0)(tb/⌧⌫/cs) H0/A ! H±W⌥

Charged Higgs HW± type (`⌫/qq0)(bb/⌧⌧/WW/ZZ/��) H±
! h0W, H0W, AW

Table 44: Summary of exotic decay modes for non-SM Higgs bosons. For each type of exotic decays (second
column), we present possible final states (third column) and relevant channels in 2HDM. Note that H in column
two refers to any of the neutral Higgs, e.g. h0, H0 or A in 2HDM.

In addition to their decays to the SM particles, non-SM Higgses can decay via exotic modes, i.e.,
heavier Higgs decays into two light Higgses, or one light Higgs plus one SM gauge boson. Clearly this
happens in the case when the splitting between the various heavy higgses is not small. This can happen
in the alignment limit of the 2HDM without decoupling. As outlined above, this limit is less generic than
the decoupling limit, but still worth a detail study.

Five main exotic decay categories for Higgses of the 2HDM are shown in Table 44. Once these
decay modes are kinematically open, they typically dominate over the conventional decay channels.
Recent studies on exotic decays of heavy Higgs bosons can be found in Refs. [518–529].

Theoretical and experimental constraints restrict possible mass hierarchies in 2HDM. At high
Higgs mass and close to the alignment limit, unitarity imposes a relation between the soft Z2-breaking
term and the heavy CP-even neutral Higgs mass m2

12 = m2
H0s�c�

33. In this limit, the decay branching
fraction H0

! h0h0, AA, H+H� vanishes and vacuum stability further requires the CP-even non-SM
33Note that this is automatically fulfilled in the MSSM.
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collider phenomenology of the heavy neutral Higgs

marginalized over
,-±

,-± =	,-1

excluded by 13 TeV
22 ⟶ 3 ⟶ 44∗ ⟶ 47

Going beyond type I-II:
Loopholes in standard heavy Higgs searches

Nice opportunities for unexplored signatures

pp æ H æ tc pp æ tcH(æ tc) pp æ bcH±(æ bc) pp æ bcH±(æ Wh)
1 charged lepton 2 same-sign leptons dijet resonance Wh resonance

Emiss
T 2 b-jets Ø1 b-jet Ø1 b/c-jet

1 b-jet Ø1 c-jet Ø1 c-jet
1 c-jet

Table 4. Summary of the most promising signatures associated to the dominant (flavour-violating)
production and decays of heavy neutral and charged Higgs bosons.

neutral and charged Higgs bosons as light as 200 GeV can exist, but they can be copiously
and predominantly produced and decay in channels that have not be explored yet. For
instance, we showed that a neutral heavy Higgs boson can be produced in association with
a top and charm quarks and later decay into another top-charm pair, leading to a final
state with same charge dilepton and bottom and charm jets that can be easily emerged
from a not so dominant background. A heavy charged Higgs boson can be produced in
association with a bottom and charm quarks and can decay into another bottom-charm
pair with a total rate at or above 100 pb. It will be very interesting to extend the present
LHC program for searches of new Higgs bosons, to include the plethora of new signatures
predicted by our model (see Table 4). For sure rather spectacular signatures are expected
and wait for the interest of the experimental community to reveal the first direct evidence
of new physics and to unravel the origin of flavour, which remains one of the deepest
questions of high-energy physics.
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Tail parameters:  W and Y

High-energy lepton colliders can further improve the constraints

✦ ILC bounds:       500 GeV

✦ CLIC bounds:    1 TeV  
                        3 TeV

LEP LHC13 FCC 100 ILC TLEP CEPC ILC 500 CLIC 1 CLIC 3

luminosity 2⇥ 10
7 Z 0.3/ab 3/ab 10/ab 10

9 Z 10
12 Z 10

10 Z 3/ab 1/ab 1/ab

W ⇥10
4

[�19, 3] ±0.7 ±0.45 ±0.02 ±4.2 ±1.2 ±3.6 ±0.3 ±0.5 ±0.15

Y ⇥10
4

[�17, 4] ±2.3 ±1.2 ±0.06 ±1.8 ±1.5 ±3.1 ±0.2 ⇠ ±0.5 ⇠ ±0.15

✦ Low-energy lepton machines not competitive with HL-LHC

[Farina, GP, Pappadopulo, Rudermann Torre, Wulzer ’16]FCC 100 would give 
much stronger bounds

|W | < 0.3⇥ 10�4 , |Y | < 0.2⇥ 10�4

|W |, |Y | . 0.5⇥ 10�4

|W |, |Y | . 0.15⇥ 10�4

Recast from  
[CLIC Design Report ’12]

Recast from [Harigaya et al. ’15]

e.g. measurement of p4 EW oblique parameters 

A) oblique parameters, and off-shell Z’s, from Drell-Yan 

B) SM EFT from Jets 

Z, �

q

q̄

l�

l+

q

q̄

q

q̄

g

• Farina, Panico, Pappadopulo, JTR, 
Torre, Wulzer 1609.08157 

•  Alioli, Farina, Pappadopulo, JTR 
1712.02347 (PRL)

• Alioli, Farina, Pappadopulo, 
JTR, 1706.03068

II. New Physics in Precision Tails 

http://arxiv.org/abs/arXiv:1609.08157
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µ⌫ Ŝ =
m2

w

m2
⇤
< 10�4

S-parameter @ee: [De Blas et. al.] (LEP:        )

g
2
⇤

m2
⇤
@µ|H|2@µ|H|2 �V,F =

g2⇤v
2

m2
⇤

< 3 10�3

Higgs Couplings @ee: [ee Report] (HL-LHC: 5%)

10�3

V. New force: Composite Higgs

Grojean-Wulzer @ FCC physics week ’17

10 20 30 40

1

3

10

m* [TeV]

g *

EW+Higgs Measurements

Assuming composite Higgs, elementary gauge bos.:

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤H, gwVµ, @µ]

S@ee

Hc@ee
gwg

0

m2
⇤
H

†
�aHW

a
µ⌫B

µ⌫ Ŝ =
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µ⌫ Ŝ =
m2

w

m2
⇤
< 10�4

S-parameter @ee: [De Blas et. al.] (LEP:        )

g
2
⇤

m2
⇤
@µ|H|2@µ|H|2 �V,F =

g2⇤v
2

m2
⇤

< 3 10�3

Higgs Couplings @ee: [ee Report] (HL-LHC: 5%)

10�3

10�5

https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf


Christophe Grojean INFIERI-UAM,  August 2021

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

48

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

V. New force: Composite Top

Grojean-Wulzer @ FCC physics week ’17

https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf


Christophe Grojean INFIERI-UAM,  August 2021

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

48

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

V. New force: Composite Top

Grojean-Wulzer @ FCC physics week ’17

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g
2
⇤

m2
⇤
H

† !
D µH tR�

µ
tR

�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf


Christophe Grojean INFIERI-UAM,  August 2021

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

48

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

V. New force: Composite Top

Grojean-Wulzer @ FCC physics week ’17

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g
2
⇤

m2
⇤
H

† !
D µH tR�

µ
tR

�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Zbb coupling @ee: [ee Report] (LEP:        )

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g
2
⇤

m2
⇤
H

† !
D µH tR�

µ
tR

�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

�gb
gb

=
m2

t

m2
⇤
< 2 10�4y

2
t

m2
⇤
H

† !
D µH qL�

µ
qL+..

Zbb@ee

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

10�3

https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf


Christophe Grojean INFIERI-UAM,  August 2021

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

48

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

V. New force: Composite Top

Grojean-Wulzer @ FCC physics week ’17

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g
2
⇤

m2
⇤
H

† !
D µH tR�

µ
tR

�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Zbb coupling @ee: [ee Report] (LEP:        )

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g
2
⇤

m2
⇤
H

† !
D µH tR�

µ
tR

�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

�gb
gb

=
m2

t

m2
⇤
< 2 10�4y

2
t

m2
⇤
H

† !
D µH qL�

µ
qL+..

Zbb@ee

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

10�3

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

4-top contact interactions @hh:
g2⇤
m2

⇤
(tR�µtR)

2

y2t
m2

⇤
<

1

⇤2
4t

g2⇤
m2

⇤
<

1

⇤2
4t

No study available (?)

4t[6TeV]

4t[3TeV]

y2t
m2

⇤
(qL�µqL)(tR�µtR)

y4t
g2⇤m

2
⇤
(qL�µqL)

2 y4t
g2⇤m

2
⇤
<

1

⇤2
4t

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf


Christophe Grojean INFIERI-UAM,  August 202149

(iii) Looking for BSM elsewhere

GW
Neutron-antineutron oscillations

Isotope shifts
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never give up against strong background when you know you are right

 

no spectral distortions: scale of quantum gravity > 100 keV

(                        GRB observed together with GW with the same origin?)
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The pictures of shook the Earth

Related stories

NATURE |  NEWS

Gravitational waves: How LIGO forged the path to
victory
Historic discovery of ripples in space-time meant ruling out the possibility of a fake signal.

16 February 2016

At 11:53 a.m. local time on 14 September 2015, an automated e-mail appeared in the inbox of Marco Drago, a
physicist at the Max Planck Institute for Gravitational Physics in Hannover, Germany. It contained links to two
plots, each showing a wave shaped like a bird’s chirp that emerged suddenly from a noisy background and
ended in a crash.

It was a signal that Drago had been trained to spot and that the US-led
Advanced Laser Interferometer Gravitational-Wave Observatory (LIGO) that

Davide Castelvecchi

S. Ossokine, A. Buonanno (Max Planck Inst. Gravitational Phys.). Scientific VisualiZation: W. Benger (Airborne Hydro Mapping)

The pair of merging black holes that LIGO detected using gravitational waves — as produced by a
computer simulation.

Software that analyses data in real time was
indicating that both interferometers had
seen a wave resembling the chirp of a bird
with a rapidly increasing pitch. Within an
hour, the news had reached Drago's boss,
physicist Bruce Allen. The recording looked too good to be true. “When I first saw it I said, 'Oh, it's an injection,
obviously,'” Allen says.

It was an oscillation that began at 35 cycles
per second (hertz) and rapidly increased to
250 hertz. It then became chaotic and
rapidly died down; the whole thing was over
within one-fourth of a second. Crucially,
both detectors saw it at roughly the same
time — Livingston first and Hanford 7
milliseconds later. That delay is an
indication of how the waves swept through
the Earth.

Other gravitational-wave detectors — the
Virgo interferometer near Pisa, Italy, and the
GEO600 interferometer near Hannover —
were not operating at the time and so could
not confirm the signal. Had Advanced Virgo
been on, it would have probably detected
the event as well, says its spokesperson,
Fulvio Ricci, a physicist at the University of
Rome La Sapienza. LIGO scientists have
run a series of careful checks to ensure that
the signal is real and means what they think
it does.

In the past, a few senior members of the
LIGO team have tested the group's ability to
validate a potential discovery by secretly inserting ‘blind injections’ of fake gravitational waves into the data
stream to test whether the research team can differentiate between real and fake signals. But the September
detection happened before blind injections were being made, so it is thought to be a signal from a real
astrophysical phenomenon in the Universe.

To pinpoint the source of gravitational waves, researchers have to triangulate a signal spotted by different
machines spread around Earth. When both LIGO detectors are operating along with Virgo or GEO600,
scientists expect to be better able to locate future gravitational-wave sources. Another interferometer in Japan

Nik Spencer/Nature

LIGO

The gravitational wave signals detected by the twin LIGO stations.

1.3 billion 

years

later

on earth

what did it teach us?
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Abstract

The observation of gravitational waves from the Laser Interferometer Gravitational-Wave

Observatory (LIGO) event GW150914 may be used to constrain the possibility of Lorentz

violation in graviton propagation, and the observation by the Fermi Gamma-Ray Burst Monitor

of a transient source in apparent coincidence may be used to constrain the di↵erence between

the velocities of light and gravitational waves: cg � c� < 10�17.
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The discovery of gravitational waves by the Laser Interferometer Gravitational-Wave

Observatory (LIGO) in event GW150914 [1] opens a new era in astronomy, making pos-

sible the measurement of astrophysical processes that have been inaccessible to observa-

tions with electromagnetic waves. The question then arises what fundamental physics we

can learn from gravitational wave observations in general and LIGO event GW150914 in

particular. As examples, the LIGO Collaboration itself [2] has reported an upper limit

on the graviton mass mg < 10�22 eV, and it has been suggested that observations of

binary black-hole mergers could constrain models of quantum physics near black-hole

event horizons [3].

In this comment we derive two additional constraints on graviton propagation. First,

the LIGO data on GW150914 can be used to constrain the possibility of Lorentz viola-

tion [4] in gravitational wave propagation, assuming that low-frequency gravitational and

electromagnetic waves (low-energy photons and gravitons) both travel at the conventional

speed of light in vacuo c, that we set to unity from now on. Secondly, assuming isntead

that cg and c� are frequency- (energy-)independent, we use the apparent coincidence of

a transient source with photon energies > 50 keV observed by the Fermi Gamma-Ray

Burst Monitor (GBM) [5] to constrain the di↵erence between the velocities of light and

gravitational waves in vacuo: c� � cg < 10�17c.

The LIGO constraint on the graviton mass was obtained from a detailed numerical

comparison of the measured GW150914 wave-form with that calculated for a black-hole

merger [2]. We recall that the GW150914 signal consisted of a ‘chirp’ of increasing

frequencies ! ⇠ 100 Hz, with a range of frequencies �! = O(100) Hz. The presence of a

gravitino mass would induce an energy- (frequency-)dependent deviation of the velocities

of the waves emitted during the ‘chirp’ from that of light: �v|mg ' �m2
g/2!

2. Such a

deviation �v would cause a dispersion in their arrival times [6], which is constrained by

concordance of the observed signal with numerical relativity calculations.

It was suggested in [7] that quantum-gravitational e↵ects might induce an energy-

(frequency-)dependent velocity of propagation in vacuo for both electromagnetic and

gravitational waves �v|LV n ' �⇠(!/Mn)n : n = 1 or 2 where Mn is some large mass

scale, where ⇠ = +1(�1) for subluminal (superluminal) propagation. Such a Lorentz-

violating e↵ect would give rise to an energy-dependent dispersion in the arrival times of

gravitational waves, though with a di↵erent energy dependence from a graviton mass.

Such Lorentz violation might be induced by the e↵ects of space-time foam on wave prop-

agation, in which case one might expect that Mn = O(MP ) ⇠ 1019 GeV. We recall that

subluminal propagation is implied by concrete models of space-time foam within brane

theory [8].
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P. Sphicas 
Highlights from EPS 2017 

The Cosmos: GW Wave spectrum 

July 12, 2017 
EPS HEP 2017, Venice 46 

The Gravitational Wave Spectrum 

41	

10-9 Hz 10-4 Hz 100 Hz 103 Hz10-16 Hz

EPS-HEP2017	

Space detectors

Relic radiation
Cosmic Strings

Supermassive BH Binaries

BH and NS Binaries

Binaries coalescences

Extreme Mass Ratio
Inspirals

Supernovae

Spinning NS

Pulsar timing Ground interferometers

Laser	Interferometer	
Gravita;onal	Wave	
Observatory	

GW and astrophysics/cosmology
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GW and the ElectroWeak Phase Transition
GW interact very weakly and are not absorbed

direct probe of physical process of the very early universe

possible cosmological sources: 
inflation, vibrations of topological defects, excitations of xdim modes, 1st order phase transitions...

typical freq. ~ (size of the bubble)-1 ~ (fraction of the horizon size)-1

T = 100 GeV, H =

√

8π3

45

T 2

MPl

∼ 10
−15

GeV@

redshifted freq.

f ∼ #
2 · 10−4 eV

100 GeV
10−15 GeV ∼ # 10−5 Hz

~ to
day ~

The GW spectrum from a 1st order electroweak PT 

is peaked around the milliHertz frequency

ElectroWeak Phase Transition (if 1st order)
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http://arxiv.org/abs/hep-ph/0607107
http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf
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     Germano Nardini  |   Probing EWBG  at eLISA    |  30 May  2016 |  Page 5

Gravitational Waves 

> Nevertheless we prefer direct proofs by far

> Many localized sources are supposed to be there waiting for us...

> … and we are attempting to detect them (… and likely with success!!!)
MQCD MTeV MPeV

A huge range of frequencies

GW Stochastic background: isotropic, unpolarized, stationary

GW energy 
density:

�G =
�ḣij ḣij⇥

G�c
=

�
dk

k

d�G(k)
d log(k)

inflation 
signal

http://arxiv.org/abs/hep-ph/0607107
http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf
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PASCOS18, CWRU, June 2018Zhengkang “Kevin” Zhang (U. Michigan)

B and L Violation
❖ Look for violation of (approximate) symmetries of the SM

❖ e.g. Baryon number (B) and lepton number (L)

❖ B, L violation beyond the SM may provide ingredient for baryogenesis.

❖ Pattern of B, L violation in the SM EFT [A.Kobach 1604.05726]

❖             0!"" decay            proton decays            neutron-antineutron oscillation

3

       L      =     LSM     +  dim-5   +  dim-6   +  dim-7   +  dim-8   +  dim-9 + …

allowed 
(∆B, ∆L) (0, 0) (0, 2)

(0, 0),
(1, 1)

(0, 2),
(1, -1)

(0, 0),
(1, 1)

(2, 0), (1, -1),
(0, 2), (1, 3)

A. Kobach ‘16

Slide stolen to Z. Zhang @ 
Pascos’18

12 operators (of the type ‘uudddd’)
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APPENDIX: SUPPLEMENTAL MATERIAL

1. Neutron-antineutron oscillation operators

Here we briefly review the e↵ective operator analysis of n-n̄ oscillation. Since multiple operators may be present
in addition to the representative operator we considered in the letter, to gain intuition about the new physics scale
being probed, let us define

⌧
�1
nn̄ =

��hn̄|He↵|ni
�� ⌘

⇤6
QCD

⇤5
nn̄

. (A.1)

As we will see explicitly below, ⇤nn̄ defined here roughly coincides with suppression scales of dimension-nine operators
mediating n-n̄ oscillation. This is because the nuclear matrix elements hn̄|Onn̄|ni ⇠ O(⇤6

QCD). Taking ⇤QCD =
180MeV, we have

⇤nn̄ = 4.25⇥ 105 GeV

✓
⌧nn̄

2.7⇥ 108 s

◆1/5

(A.2)

= 5.53⇥ 105 GeV

✓
⌧nn̄

109 s

◆1/5

= 8.76⇥ 105 GeV

✓
⌧nn̄

1010 s

◆1/5

= 1.39⇥ 106 GeV

✓
⌧nn̄

1011 s

◆1/5

, (A.3)

where the number in Eq. (A.2) shows the current best limit from Super-K.
There are 12 independent operators that contribute to n-n̄ oscillation at tree level. Using the basis of [55], we write

Le↵ �
6X

i=1

ciOi + c̄iŌi + h.c. , (A.4)
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Λ
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n_
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/G
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FIG. 4. Suppression scale ⇤(i)
nn̄ ⌘ c�1/5

i of the |�B| = 2 six-quark operators Oi in Eq. (A.5) that can be probed with
free neutron oscillation time ⌧nn̄ (corresponding to new physics scale ⇤nn̄ ⌘ (⌧nn̄⇤

6
QCD)

1/5 as defined in Eq. (A.1)) when
each operator is considered individually. The widths of the bands arise from variations of hn̄|Oi(µ0)|ni within current lattice
calculation uncertainties, and of the starting point of RG evolution µi between 103 GeV and 106 GeV. The results apply equally
to the parity-conjugate operators Ōi. Existing and future n-n̄ oscillation searches are sensitive to ⇤(i)

nn̄ ⇠ O(105-6 GeV).

where f
eq
a is the equilibrium distribution at zero chemical potential for species a. Assuming a common temperature

is maintained for all species, we have

fa = e
µa/T f

eq
a ⌘ raf

eq
a ⌘ (1 +�a) f

eq
a , (A.10)

for the actual distribution of species a, with �a characterizing the amount of departure from equilibrium. The collision
terms can then be written in terms of the W ’s and r’s,

�C1 =
�
rur1 � r

2
d

�
WuX1!d̄d̄ +

�
rūr1 � r

2
d̄

�
WūX1!dd +

�
rdr1 � rurd

�
WdX1!ūd̄ +

�
rd̄r1 � rūrd̄

�
Wd̄X1!ud

+
�
rur1 � rūr2

�
WuX1!uX2 +

�
rūr1 � rur2

�
WūX1!ūX2 +

�
r1r2 � rurū

�
WX1X2!ūu

+
�
r1 � rūr

2
d̄

�
WX1!udd +

�
r1 � rur

2
d

�
WX1!ūd̄d̄ +

�
r1rurū � r2

�
WX2!X1ūu , (A.11)

�C2 =
�
rur2 � r
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d
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rūr2 � r

2
d̄
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rur2 � rūr1

�
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2
d̄

�
WX2!udd +

�
r2 � rur

2
d

�
WX2!ūd̄d̄ +

�
r2 � r1rurū

�
WX2!X1ūu , (A.12)
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WdX2!ūd̄ �

�
rd̄r2 � rūrd̄
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udd!ūd̄d̄ � 2 rūr
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d̄ W
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ūd̄d̄!udd , (A.13)

where W
0
udd!ūd̄d̄

, W
0
ūd̄d̄!udd

are computed from the corresponding matrix elements with contributions from on-
shell X1,2 exchange subtracted. We have grouped together terms that are identical as dictated by CPT invariance,
Wi!f = Wf̄!ī (where bar denotes CP conjugate state).

To further simplify, we note that several processes conserve CP up to one-loop level, and as a result

WdX1!ūd̄ = Wd̄X1!ud , WdX2!ūd̄ = Wd̄X2!ud , WX1!udd = WX1!ūd̄d̄ . (A.14)

SuperK/ESS, DUNE is/will probe scales 105-106 GeV

Intensity Frontier: nñ Oscillations

Grojean, Shakya, Wells, Zhang ‘18

models of high-scale baryogenesis 
(sphalerons are active ↔ violation of B-L)

http://inspirehep.net/record/1449902
https://indico.cern.ch/event/706475/contributions/3000533/attachments/1663342/2667074/nnbarZZ_pascos18.pdf
http://inspirehep.net/record/1676081
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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) .
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Exp sensitivity in atomic clock measurements O(10-18)
(ms over one billon years)

Not all transitions can be used (yet) for BSM

  frequency shifts O(1-100 Hz) over frequencies O(1THz): still a sensitivity O(10-9) 

 can be used to detect new (long range) forces

Physics beyond QED contributes to

the frequency of the radiation 
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precision measurements in atomic physics. Frequency
measurements of narrow optical clock transitions in
heavy atoms recently reached an unprecedented accu-
racy of O(10�18) [17]. This remarkable level of precision
paves the way for new tests of the existence of physics
beyond the SM. Applications of atomic clock transitions
have already been proposed in order to probe possible
time-variation of fundamental constants [18, 19], and the
existence of cosmological relics in the form of topological
defects [20] or new ultralight particles [21] possibly
associated with dark matter. Atomic clock transitions
also o↵er a complementary way to probe short distance
physics. We demonstrate in this letter that isotope shift
measurements with sub-Hz-level precision in alkali or
rare-earth atoms could probe the Higgs-to-light-fermion
couplings, with a sensitivity potentially surpassing that
of the LHC present and future runs.

Higgs force in atoms Higgs boson exchange between
a nucleus of mass number A and one of its bound elec-
trons induces an attractive potential of Yukawa type, see
for example [22],

VHiggs(r) = �
yeyA

4⇡

e
�rmh

r
. (3)

mh ⇡ 125GeV is the mass of the physical Higgs bo-
son [23] and yA = (A � Z)yn + Zyp is the e↵ective nu-
clear coupling; Z is the atomic number and yn,p are re-
spectively the neutron and proton couplings. In terms
of fundamental quark couplings (evaluated at the Higgs
mass scale), they read [24–27]

yn ' 7.7yu + 9.4yd + 0.75ys + 2.6⇥ 10�4
cg ,

yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4
cg ,

(4)

where cg = 4.0⇥102yc+88yb+1.5yt+�cg is the e↵ective
coupling to gluons which includes the c, b, t contributions
as well as a possible new physics contribution �cg.

LHC data already indicate that the Higgs boson
coupling to top and bottom quarks cannot deviate from
the SM prediction by more than a factor few [28]. Given
the direct bound above, the charm quark contributes at
most ⇡ 0.03 to yn,p which is subdominant to the u, d, s

contributions. Additional contributions to the Higgs-to-
gluon coupling are also constrained1, �cg . O(1) [28].
We therefore neglect cg in the remainder. Within the
SM, the u, d, s quark couplings are suppressed by the
small fermion masses. Therefore, the heavy quarks
dominate in Eq. (4), yielding small nucleon couplings,
y
SM

n,p ⇠ 10�3. However, requiring fundamental quark

1
Sizable contributions to �cg at the GeV scale could arise, while

remaining invisible at the LHC, from a new physics sector which

couples to QCD between the weak scale and the QCD scale.

Such large contributions would however significantly modify the

running of the QCD coupling and are therefore challenged by

various precision measurements at low and high energies.

couplings to saturate the direct LHC constraints, nu-
cleon couplings could reach values as large as yn,p ⇠ 3;
while they are limited to yn,p . 0.2 by indirect bounds
(see discussion above). Consequently, given the di-
rect bounds on the quark and electron couplings, the
strength of the Higgs force in atoms could be enhanced by
a factor as large as 106 compared with the SM prediction.

The parity conserving part of the weak interaction con-
stitutes another important e↵ect, at least relative to the
Higgs one mentioned above. The exchange of the Z

0 bo-
son contributes to the electron-nucleus potential at short-
distance as

Vweak(r) = �
8GFm

2

Z0
p
2

gegA

4⇡

e
�rmZ0

r
, (5)

where ge and gA are the vector couplings of the Z
0

boson to the electron and the nucleus, respectively;
their tree level SM values are g

SM

e = �1/4 + s
2

W and
g
SM

A = Q
SM

W /4. Q
SM

W = �(A � Z) + Z(1 � 4s2W ) is
the tree level SM value of the nuclear weak charge and
s
2

W ' 0.23 is the sine of the weak mixing angle squared.
While the electron Z

0 coupling is known with ⇠ 10�3

accuracy from EW precision measurements at LEP [29],
the corresponding couplings to first generation quarks
are poorly constrained by data in a model independent
way. In particular, the down-quark coupling to the Z

0

may have a sizable deviation from its SM value [30], thus
resulting in a significant uncertainty on the predicted
weak nuclear charge. However, measurements of parity
non-conservation (PNC) in atomic transitions can be
used to accurately extract the value of QW at low energy.
For example, in 133Cs atoms the agreement between the
SM prediction and the experimental value is at the 0.5%
level [31]. PNC measurements of similar precision in
other heavy elements are also possible [32–35].

Frequency shifts We evaluate the Higgs contribu-
tion to atomic transition frequencies. Despite the possi-
bly large nuclear Higgs coupling, the range of the Higgs
interaction is extremely short, of O(m�1

h ) ⇠ 10�3 fm,
and its strength remains much weaker than the domi-
nant Coulomb interaction. The Higgs shift in electronic
energy levels is then well-described in first-order (time-
independent) perturbation theory. For the sake of sim-
plicity, we derive our results using non-relativistic wave
functions. In this limit,

�E
Higgs

nlm = hnlm|VHiggs|nlmi ' �
yeyA

4⇡m2

h

| (0)|2
�l,0

n3
, (6)

where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-
bers. | (0)|2/n3 is the wave-function-density at the ori-
gin (r = 0) for the electron of interest. In order to obtain
 (0) we solve for the wave function including the pres-
ence of the inner shell electrons (see [36] and [37] for more

‘ ‘
p

The Higgs force change the energy level

Higgs force = point like & attractive: ground energy becomes deeper, higher (l) 
states are less effected => small change in the frequency of emitted photon:

| (0)|2/n3 is the wave-function-density at the origin.
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precision measurements in atomic physics. In particular,
frequency measurements of narrow clock transitions in
heavy atoms recently reached a remarkable relative accu-
racy of O(10�18) [18]. This opens a new, complementary
way to probe short distance physics.1 We demonstrate
in this letter that isotope shift measurements with
sub-Hz-level precision in alkali or rare earth atoms
could probe of the Higgs-to-light-fermion couplings,
with a sensitivity potentially surpassing that of the LHC
present and future runs.

Higgs force in atoms Higgs boson exchange between
a nucleus of mass number A and one of its bound elec-
trons induces an attractive potential of Yukawa type, see
for example [20],

VHiggs(r) = �
yeyA

4⇡

e
�rmh

r
. (3)

mh ⇡ 125GeV is the mass of the physical Higgs bo-
son [21] and yA = (A � Z)yn + Zyp is the e↵ective nu-
clear coupling; Z is the atomic number and yn,p are re-
spectively the neutron and proton couplings. In terms
of fundamental quark couplings (evaluated at the Higgs
mass scale), they read [22–25]

yn ' 7.7yu + 9.4yd + 0.75ys + 2.6⇥ 10�4
cg ,

yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4
cg ,

(4)

where cg = 4.0 ⇥ 102yc + 88yb + 1.5yt + �cg is e↵ective
coupling which includes the c, b, t contributions as well as
a possible new physics contribution �cg.

LHC data already indicate that the Higgs boson
coupling to top and bottom quarks cannot deviate from
the SM prediction by more than a factor few [26]. Given
the direct bound above, the charm quark contributes at
most 0.03 to yn,p which is subdominant to the u, d, s

contributions. Additional contributions to the Higgs-to-
gluon coupling are also constrained2, �cg . O(1) [26].
We therefore neglect cg in the remainder. The u, d, s

quark couplings and the electron one are however poorly
known. In the SM, they are strongly suppressed by the
small fermion masses, so that heavy quarks dominate in
Eq. (4), yielding small nucleon couplings, ySMn,p ⇠ 10�3.
Requiring fundamental quark couplings to saturate the
direct LHC constraints, nucleon couplings could reach
values as large as yn,p ⇠ 3, while they are limited to
yn,p . 0.2 by indirect bounds (see discussion above).
Finally, given the direct bound on the electron coupling,

1
Alternatively, atomic clock transitions could be used to probe

ultralight new physics [19].
2
Sizable contributions to �cg at the GeV scale could arise, while

remaining invisible at the LHC, from a new physics sector cou-

pled to QCD, between the weak scale and the QCD scale. Such

large contributions would however significantly modify the run-

ning of the QCD coupling and are therefore challenged by various

precision measurements at low and high energies.

we note the strength of the Higgs force in atoms could
significantly exceed the SM expectation, up to a factor
of ⇠ 106 under the current LHC constraints.

The weak interaction constitutes another important ef-
fect, at least relative to the Higgs one mentioned above.
The exchange of the Z0 boson contributes to the electron-
nucleus potential at short-distance as

Vweak(r) = �
GFm

2

Z
p
2⇡

geV

geA
QW

e
�rmZ

r
, (5)

where QW is the nuclear weak charge and geV (geA) is the
vector (axial-vector) electron coupling to the Z

0. The
tree-level SM values are Q

SM

W = �(A�Z) +Z(1� 4s2W ),
g
SM

eV = �1/4 + s
2

W and g
SM

eA = 1/4, where s
2

W ' 0.23 is
the sine of the weak mixing angle squared. While the
electron Z

0 coupling is known with ⇠ 10�3 accuracy
from EW precision measurements at LEP [27], the
corresponding couplings to first generation quarks are
poorly constrained by data in a model independent way.
In particular, the down-quark coupling to the Z

0 may
have a sizable deviation from its SM value [28], thus
resulting in a significant uncertainty on the predicted
weak nuclear charge. However, measurements of parity
non-conservation (PNC) in atomic transitions can be
used to accurately extract the value of QW at low
energy. For example, in 133Cs atoms the agreement
between the SM prediction and the experimental value
is at the 0.5% level [29]. PNC measurements of similar
precision in other heavy elements are also possible [].

Frequency shifts We evaluate the Higgs contribu-
tion to atomic transition frequencies. Despite the possi-
bly large nuclear Higgs coupling, the range of the Higgs
interaction is extremely short, of O(m�1

h ) ⇠ 10�3 fm,
and its strength remains much weaker than the domi-
nant Coulomb interaction. The Higgs shift in electronic
energy levels are then well-described in first-order (time-
independent) perturbation theory as

�E
Higgs

nlm = hnlm|VHiggs|nlmi ' �
yeyA

4⇡m2

h

| (0)|2
�l,0

n3
, (6)

where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-
bers. | (0)|2/n3 is the wave-function-density at the ori-
gin (r = 0) for the electron of interest. In order to ob-
tain  (0) we solve for the wave function including the
presence of the inner shell electrons (see [30] and [31]
for more details). For this proposal only s-wave (l = 0)
energies are e↵ectively shifted by the Higgs force since
orbital momentum conservation requires higher partial
waves (l > 0) to vanish at the origin. Finally, the fren-
quency shift �⌫ = �(�E)/2⇡~ resulting from the Higgs
force for a n, l ! n

0
, l

0 transition can be conveniently
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could improve by an order of magnitude [13].
An alternative approach to the above experimental

program at the energy frontier relies on low-nergy
precision measurements in atomic physics. Frequency
measurements of narrow optical clock transitions in
heavy atoms recently reached an unprecedented accu-
racy of O(10�18) [17]. This remarkable level of precision
paves the way for new tests of the existence of physics
beyond the SM. Applications of atomic clock transitions
have already been proposed in order to probe possible
time-variation of fundamental constants [18, 19], and the
existence of cosmological relics in the form of topological
defects [20] or new ultralight particles [21] possibly
associated with dark matter. Atomic clock transitions
also o↵er a complementary way to probe short distance
physics. We demonstrate in this letter that isotope shift
measurements with sub-Hz-level precision in alkali or
rare-earth atoms could probe the Higgs-to-light-fermion
couplings, with a sensitivity potentially surpassing that
of the LHC present and future runs.

Higgs force in atoms Higgs boson exchange between
a nucleus of mass number A and one of its bound elec-
trons induces an attractive potential of Yukawa type, see
for example [22],

VHiggs(r) = �
yeyA

4⇡

e
�rmh

r
. (3)

mh ⇡ 125GeV is the mass of the physical Higgs bo-
son [23] and yA = (A � Z)yn + Zyp is the e↵ective nu-
clear coupling; Z is the atomic number and yn,p are re-
spectively the neutron and proton couplings. In terms
of fundamental quark couplings (evaluated at the Higgs
mass scale), they read [24–27]

yn ' 7.7yu + 9.4yd + 0.75ys + 2.6⇥ 10�4
cg ,

yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4
cg ,

(4)

where cg = 4.0⇥102yc+88yb+1.5yt+�cg is the e↵ective
coupling to gluons which includes the c, b, t contributions
as well as a possible new physics contribution �cg.

LHC data already indicate that the Higgs boson
coupling to top and bottom quarks cannot deviate from
the SM prediction by more than a factor few [28]. Given
the direct bound above, the charm quark contributes at
most ⇡ 0.03 to yn,p which is subdominant to the u, d, s

contributions. Additional contributions to the Higgs-to-
gluon coupling are also constrained1, �cg . O(1) [28].
We therefore neglect cg in the remainder. Within the
SM, the u, d, s quark couplings are suppressed by the

1
Sizable contributions to �cg at the GeV scale could arise, while

remaining invisible at the LHC, from a new physics sector which

couples to QCD between the weak scale and the QCD scale.

Such large contributions would however significantly modify the

running of the QCD coupling and are therefore challenged by

various precision measurements at low and high energies.

small fermion masses. Therefore, the heavy quarks
dominate in Eq. (4), yielding small nucleon couplings,
y
SM

n,p ⇠ 10�3. However, requiring fundamental quark
couplings to saturate the direct LHC constraints, nu-
cleon couplings could reach values as large as yn,p ⇠ 3;
while they are limited to yn,p . 0.2 by indirect bounds
(see discussion above). Consequently, given the di-
rect bounds on the quark and electron couplings, the
strength of the Higgs force in atoms could be enhanced by
a factor as large as 106 compared with the SM prediction.

The parity conserving part of the weak interaction con-
stitutes another important e↵ect, at least relative to the
Higgs one mentioned above. The exchange of the Z

0 bo-
son contributes to the electron-nucleus potential at short-
distance as

Vweak(r) = �
8GFm

2

Z0
p
2

gegA

4⇡

e
�rmZ0

r
, (5)

where ge and gA are the vector couplings of the Z
0

boson to the electron and the nucleus, respectively;
their tree level SM values are g

SM

e = �1/4 + s
2

W and
g
SM

A = Q
SM

W /4. Q
SM

W = �(A � Z) + Z(1 � 4s2W ) is
the tree level SM value of the nuclear weak charge and
s
2

W ' 0.23 is the sine of the weak mixing angle squared.
While the electron Z

0 coupling is known with ⇠ 10�3

accuracy from EW precision measurements at LEP [29],
the corresponding couplings to first generation quarks
are poorly constrained by data in a model independent
way. In particular, the down-quark coupling to the Z

0

may have a sizable deviation from its SM value [30], thus
resulting in a significant uncertainty on the predicted
weak nuclear charge. However, measurements of parity
non-conservation (PNC) in atomic transitions can be
used to accurately extract the value of QW at low energy.
For example, in 133Cs atoms the agreement between the
SM prediction and the experimental value is at the 0.5%
level [31]. PNC measurements of similar precision in
other heavy elements are also possible [32–35].

Frequency shifts We evaluate the Higgs contribu-
tion to atomic transition frequencies. Despite the possi-
bly large nuclear Higgs coupling, the range of the Higgs
interaction is extremely short, of O(m�1

h ) ⇠ 10�3 fm,
and its strength remains much weaker than the domi-
nant Coulomb interaction. The Higgs shift in electronic
energy levels is then well-described in first-order (time-
independent) perturbation theory. For the sake of sim-
plicity, we derive our results using non-relativistic wave
functions. In this limit,
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Higgs

nlm = hnlm|VHiggs|nlmi ' �
yeyA

4⇡m2

h

| (0)|2
�l,0

n3
, (6)

where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-
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| (0)|2/n3 is the wave-function-density at the origin.
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precision measurements in atomic physics. In particular,
frequency measurements of narrow clock transitions in
heavy atoms recently reached a remarkable relative accu-
racy of O(10�18) [18]. This opens a new, complementary
way to probe short distance physics.1 We demonstrate
in this letter that isotope shift measurements with
sub-Hz-level precision in alkali or rare earth atoms
could probe of the Higgs-to-light-fermion couplings,
with a sensitivity potentially surpassing that of the LHC
present and future runs.

Higgs force in atoms Higgs boson exchange between
a nucleus of mass number A and one of its bound elec-
trons induces an attractive potential of Yukawa type, see
for example [20],

VHiggs(r) = �
yeyA

4⇡

e
�rmh

r
. (3)

mh ⇡ 125GeV is the mass of the physical Higgs bo-
son [21] and yA = (A � Z)yn + Zyp is the e↵ective nu-
clear coupling; Z is the atomic number and yn,p are re-
spectively the neutron and proton couplings. In terms
of fundamental quark couplings (evaluated at the Higgs
mass scale), they read [22–25]

yn ' 7.7yu + 9.4yd + 0.75ys + 2.6⇥ 10�4
cg ,

yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4
cg ,

(4)

where cg = 4.0 ⇥ 102yc + 88yb + 1.5yt + �cg is e↵ective
coupling which includes the c, b, t contributions as well as
a possible new physics contribution �cg.

LHC data already indicate that the Higgs boson
coupling to top and bottom quarks cannot deviate from
the SM prediction by more than a factor few [26]. Given
the direct bound above, the charm quark contributes at
most 0.03 to yn,p which is subdominant to the u, d, s

contributions. Additional contributions to the Higgs-to-
gluon coupling are also constrained2, �cg . O(1) [26].
We therefore neglect cg in the remainder. The u, d, s

quark couplings and the electron one are however poorly
known. In the SM, they are strongly suppressed by the
small fermion masses, so that heavy quarks dominate in
Eq. (4), yielding small nucleon couplings, ySMn,p ⇠ 10�3.
Requiring fundamental quark couplings to saturate the
direct LHC constraints, nucleon couplings could reach
values as large as yn,p ⇠ 3, while they are limited to
yn,p . 0.2 by indirect bounds (see discussion above).
Finally, given the direct bound on the electron coupling,

1
Alternatively, atomic clock transitions could be used to probe

ultralight new physics [19].
2
Sizable contributions to �cg at the GeV scale could arise, while

remaining invisible at the LHC, from a new physics sector cou-

pled to QCD, between the weak scale and the QCD scale. Such

large contributions would however significantly modify the run-

ning of the QCD coupling and are therefore challenged by various

precision measurements at low and high energies.

we note the strength of the Higgs force in atoms could
significantly exceed the SM expectation, up to a factor
of ⇠ 106 under the current LHC constraints.

The weak interaction constitutes another important ef-
fect, at least relative to the Higgs one mentioned above.
The exchange of the Z0 boson contributes to the electron-
nucleus potential at short-distance as

Vweak(r) = �
GFm

2

Z
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, (5)

where QW is the nuclear weak charge and geV (geA) is the
vector (axial-vector) electron coupling to the Z

0. The
tree-level SM values are Q

SM

W = �(A�Z) +Z(1� 4s2W ),
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SM

eV = �1/4 + s
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W and g
SM

eA = 1/4, where s
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W ' 0.23 is
the sine of the weak mixing angle squared. While the
electron Z

0 coupling is known with ⇠ 10�3 accuracy
from EW precision measurements at LEP [27], the
corresponding couplings to first generation quarks are
poorly constrained by data in a model independent way.
In particular, the down-quark coupling to the Z

0 may
have a sizable deviation from its SM value [28], thus
resulting in a significant uncertainty on the predicted
weak nuclear charge. However, measurements of parity
non-conservation (PNC) in atomic transitions can be
used to accurately extract the value of QW at low
energy. For example, in 133Cs atoms the agreement
between the SM prediction and the experimental value
is at the 0.5% level [29]. PNC measurements of similar
precision in other heavy elements are also possible [].

Frequency shifts We evaluate the Higgs contribu-
tion to atomic transition frequencies. Despite the possi-
bly large nuclear Higgs coupling, the range of the Higgs
interaction is extremely short, of O(m�1

h ) ⇠ 10�3 fm,
and its strength remains much weaker than the domi-
nant Coulomb interaction. The Higgs shift in electronic
energy levels are then well-described in first-order (time-
independent) perturbation theory as
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nlm = hnlm|VHiggs|nlmi ' �
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4⇡m2
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where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-
bers. | (0)|2/n3 is the wave-function-density at the ori-
gin (r = 0) for the electron of interest. In order to ob-
tain  (0) we solve for the wave function including the
presence of the inner shell electrons (see [30] and [31]
for more details). For this proposal only s-wave (l = 0)
energies are e↵ectively shifted by the Higgs force since
orbital momentum conservation requires higher partial
waves (l > 0) to vanish at the origin. Finally, the fren-
quency shift �⌫ = �(�E)/2⇡~ resulting from the Higgs
force for a n, l ! n
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0 transition can be conveniently
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could improve by an order of magnitude [13].
An alternative approach to the above experimental

program at the energy frontier relies on low-nergy
precision measurements in atomic physics. Frequency
measurements of narrow optical clock transitions in
heavy atoms recently reached an unprecedented accu-
racy of O(10�18) [17]. This remarkable level of precision
paves the way for new tests of the existence of physics
beyond the SM. Applications of atomic clock transitions
have already been proposed in order to probe possible
time-variation of fundamental constants [18, 19], and the
existence of cosmological relics in the form of topological
defects [20] or new ultralight particles [21] possibly
associated with dark matter. Atomic clock transitions
also o↵er a complementary way to probe short distance
physics. We demonstrate in this letter that isotope shift
measurements with sub-Hz-level precision in alkali or
rare-earth atoms could probe the Higgs-to-light-fermion
couplings, with a sensitivity potentially surpassing that
of the LHC present and future runs.

Higgs force in atoms Higgs boson exchange between
a nucleus of mass number A and one of its bound elec-
trons induces an attractive potential of Yukawa type, see
for example [22],

VHiggs(r) = �
yeyA

4⇡

e
�rmh

r
. (3)

mh ⇡ 125GeV is the mass of the physical Higgs bo-
son [23] and yA = (A � Z)yn + Zyp is the e↵ective nu-
clear coupling; Z is the atomic number and yn,p are re-
spectively the neutron and proton couplings. In terms
of fundamental quark couplings (evaluated at the Higgs
mass scale), they read [24–27]

yn ' 7.7yu + 9.4yd + 0.75ys + 2.6⇥ 10�4
cg ,

yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4
cg ,

(4)

where cg = 4.0⇥102yc+88yb+1.5yt+�cg is the e↵ective
coupling to gluons which includes the c, b, t contributions
as well as a possible new physics contribution �cg.

LHC data already indicate that the Higgs boson
coupling to top and bottom quarks cannot deviate from
the SM prediction by more than a factor few [28]. Given
the direct bound above, the charm quark contributes at
most ⇡ 0.03 to yn,p which is subdominant to the u, d, s

contributions. Additional contributions to the Higgs-to-
gluon coupling are also constrained1, �cg . O(1) [28].
We therefore neglect cg in the remainder. Within the
SM, the u, d, s quark couplings are suppressed by the

1
Sizable contributions to �cg at the GeV scale could arise, while

remaining invisible at the LHC, from a new physics sector which

couples to QCD between the weak scale and the QCD scale.

Such large contributions would however significantly modify the

running of the QCD coupling and are therefore challenged by

various precision measurements at low and high energies.

small fermion masses. Therefore, the heavy quarks
dominate in Eq. (4), yielding small nucleon couplings,
y
SM

n,p ⇠ 10�3. However, requiring fundamental quark
couplings to saturate the direct LHC constraints, nu-
cleon couplings could reach values as large as yn,p ⇠ 3;
while they are limited to yn,p . 0.2 by indirect bounds
(see discussion above). Consequently, given the di-
rect bounds on the quark and electron couplings, the
strength of the Higgs force in atoms could be enhanced by
a factor as large as 106 compared with the SM prediction.

The parity conserving part of the weak interaction con-
stitutes another important e↵ect, at least relative to the
Higgs one mentioned above. The exchange of the Z

0 bo-
son contributes to the electron-nucleus potential at short-
distance as

Vweak(r) = �
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where ge and gA are the vector couplings of the Z
0

boson to the electron and the nucleus, respectively;
their tree level SM values are g
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W and
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W /4. Q
SM

W = �(A � Z) + Z(1 � 4s2W ) is
the tree level SM value of the nuclear weak charge and
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W ' 0.23 is the sine of the weak mixing angle squared.
While the electron Z

0 coupling is known with ⇠ 10�3

accuracy from EW precision measurements at LEP [29],
the corresponding couplings to first generation quarks
are poorly constrained by data in a model independent
way. In particular, the down-quark coupling to the Z

0

may have a sizable deviation from its SM value [30], thus
resulting in a significant uncertainty on the predicted
weak nuclear charge. However, measurements of parity
non-conservation (PNC) in atomic transitions can be
used to accurately extract the value of QW at low energy.
For example, in 133Cs atoms the agreement between the
SM prediction and the experimental value is at the 0.5%
level [31]. PNC measurements of similar precision in
other heavy elements are also possible [32–35].

Frequency shifts We evaluate the Higgs contribu-
tion to atomic transition frequencies. Despite the possi-
bly large nuclear Higgs coupling, the range of the Higgs
interaction is extremely short, of O(m�1

h ) ⇠ 10�3 fm,
and its strength remains much weaker than the domi-
nant Coulomb interaction. The Higgs shift in electronic
energy levels is then well-described in first-order (time-
independent) perturbation theory. For the sake of sim-
plicity, we derive our results using non-relativistic wave
functions. In this limit,

�E
Higgs

nlm = hnlm|VHiggs|nlmi ' �
yeyA

4⇡m2

h

| (0)|2
�l,0

n3
, (6)

where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-

(talk  by M. Yamanaka -> we might underestimating by factor of ~5 
due to non relativistic treatment) 
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The Higgs force change the energy level

Higgs force = point like & attractive: ground energy becomes deeper, higher (l) 
states are less effected => small change in the frequency of emitted photon:

| (0)|2/n3 is the wave-function-density at the origin.
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precision measurements in atomic physics. In particular,
frequency measurements of narrow clock transitions in
heavy atoms recently reached a remarkable relative accu-
racy of O(10�18) [18]. This opens a new, complementary
way to probe short distance physics.1 We demonstrate
in this letter that isotope shift measurements with
sub-Hz-level precision in alkali or rare earth atoms
could probe of the Higgs-to-light-fermion couplings,
with a sensitivity potentially surpassing that of the LHC
present and future runs.

Higgs force in atoms Higgs boson exchange between
a nucleus of mass number A and one of its bound elec-
trons induces an attractive potential of Yukawa type, see
for example [20],

VHiggs(r) = �
yeyA

4⇡

e
�rmh

r
. (3)

mh ⇡ 125GeV is the mass of the physical Higgs bo-
son [21] and yA = (A � Z)yn + Zyp is the e↵ective nu-
clear coupling; Z is the atomic number and yn,p are re-
spectively the neutron and proton couplings. In terms
of fundamental quark couplings (evaluated at the Higgs
mass scale), they read [22–25]

yn ' 7.7yu + 9.4yd + 0.75ys + 2.6⇥ 10�4
cg ,

yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4
cg ,

(4)

where cg = 4.0 ⇥ 102yc + 88yb + 1.5yt + �cg is e↵ective
coupling which includes the c, b, t contributions as well as
a possible new physics contribution �cg.

LHC data already indicate that the Higgs boson
coupling to top and bottom quarks cannot deviate from
the SM prediction by more than a factor few [26]. Given
the direct bound above, the charm quark contributes at
most 0.03 to yn,p which is subdominant to the u, d, s

contributions. Additional contributions to the Higgs-to-
gluon coupling are also constrained2, �cg . O(1) [26].
We therefore neglect cg in the remainder. The u, d, s

quark couplings and the electron one are however poorly
known. In the SM, they are strongly suppressed by the
small fermion masses, so that heavy quarks dominate in
Eq. (4), yielding small nucleon couplings, ySMn,p ⇠ 10�3.
Requiring fundamental quark couplings to saturate the
direct LHC constraints, nucleon couplings could reach
values as large as yn,p ⇠ 3, while they are limited to
yn,p . 0.2 by indirect bounds (see discussion above).
Finally, given the direct bound on the electron coupling,

1
Alternatively, atomic clock transitions could be used to probe

ultralight new physics [19].
2
Sizable contributions to �cg at the GeV scale could arise, while

remaining invisible at the LHC, from a new physics sector cou-

pled to QCD, between the weak scale and the QCD scale. Such

large contributions would however significantly modify the run-

ning of the QCD coupling and are therefore challenged by various

precision measurements at low and high energies.

we note the strength of the Higgs force in atoms could
significantly exceed the SM expectation, up to a factor
of ⇠ 106 under the current LHC constraints.

The weak interaction constitutes another important ef-
fect, at least relative to the Higgs one mentioned above.
The exchange of the Z0 boson contributes to the electron-
nucleus potential at short-distance as

Vweak(r) = �
GFm

2

Z
p
2⇡

geV

geA
QW

e
�rmZ

r
, (5)

where QW is the nuclear weak charge and geV (geA) is the
vector (axial-vector) electron coupling to the Z

0. The
tree-level SM values are Q

SM

W = �(A�Z) +Z(1� 4s2W ),
g
SM

eV = �1/4 + s
2

W and g
SM

eA = 1/4, where s
2

W ' 0.23 is
the sine of the weak mixing angle squared. While the
electron Z

0 coupling is known with ⇠ 10�3 accuracy
from EW precision measurements at LEP [27], the
corresponding couplings to first generation quarks are
poorly constrained by data in a model independent way.
In particular, the down-quark coupling to the Z

0 may
have a sizable deviation from its SM value [28], thus
resulting in a significant uncertainty on the predicted
weak nuclear charge. However, measurements of parity
non-conservation (PNC) in atomic transitions can be
used to accurately extract the value of QW at low
energy. For example, in 133Cs atoms the agreement
between the SM prediction and the experimental value
is at the 0.5% level [29]. PNC measurements of similar
precision in other heavy elements are also possible [].

Frequency shifts We evaluate the Higgs contribu-
tion to atomic transition frequencies. Despite the possi-
bly large nuclear Higgs coupling, the range of the Higgs
interaction is extremely short, of O(m�1

h ) ⇠ 10�3 fm,
and its strength remains much weaker than the domi-
nant Coulomb interaction. The Higgs shift in electronic
energy levels are then well-described in first-order (time-
independent) perturbation theory as

�E
Higgs

nlm = hnlm|VHiggs|nlmi ' �
yeyA

4⇡m2

h

| (0)|2
�l,0

n3
, (6)

where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-
bers. | (0)|2/n3 is the wave-function-density at the ori-
gin (r = 0) for the electron of interest. In order to ob-
tain  (0) we solve for the wave function including the
presence of the inner shell electrons (see [30] and [31]
for more details). For this proposal only s-wave (l = 0)
energies are e↵ectively shifted by the Higgs force since
orbital momentum conservation requires higher partial
waves (l > 0) to vanish at the origin. Finally, the fren-
quency shift �⌫ = �(�E)/2⇡~ resulting from the Higgs
force for a n, l ! n

0
, l

0 transition can be conveniently

2

could improve by an order of magnitude [13].
An alternative approach to the above experimental

program at the energy frontier relies on low-nergy
precision measurements in atomic physics. Frequency
measurements of narrow optical clock transitions in
heavy atoms recently reached an unprecedented accu-
racy of O(10�18) [17]. This remarkable level of precision
paves the way for new tests of the existence of physics
beyond the SM. Applications of atomic clock transitions
have already been proposed in order to probe possible
time-variation of fundamental constants [18, 19], and the
existence of cosmological relics in the form of topological
defects [20] or new ultralight particles [21] possibly
associated with dark matter. Atomic clock transitions
also o↵er a complementary way to probe short distance
physics. We demonstrate in this letter that isotope shift
measurements with sub-Hz-level precision in alkali or
rare-earth atoms could probe the Higgs-to-light-fermion
couplings, with a sensitivity potentially surpassing that
of the LHC present and future runs.

Higgs force in atoms Higgs boson exchange between
a nucleus of mass number A and one of its bound elec-
trons induces an attractive potential of Yukawa type, see
for example [22],

VHiggs(r) = �
yeyA

4⇡

e
�rmh

r
. (3)

mh ⇡ 125GeV is the mass of the physical Higgs bo-
son [23] and yA = (A � Z)yn + Zyp is the e↵ective nu-
clear coupling; Z is the atomic number and yn,p are re-
spectively the neutron and proton couplings. In terms
of fundamental quark couplings (evaluated at the Higgs
mass scale), they read [24–27]

yn ' 7.7yu + 9.4yd + 0.75ys + 2.6⇥ 10�4
cg ,

yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4
cg ,

(4)

where cg = 4.0⇥102yc+88yb+1.5yt+�cg is the e↵ective
coupling to gluons which includes the c, b, t contributions
as well as a possible new physics contribution �cg.

LHC data already indicate that the Higgs boson
coupling to top and bottom quarks cannot deviate from
the SM prediction by more than a factor few [28]. Given
the direct bound above, the charm quark contributes at
most ⇡ 0.03 to yn,p which is subdominant to the u, d, s

contributions. Additional contributions to the Higgs-to-
gluon coupling are also constrained1, �cg . O(1) [28].
We therefore neglect cg in the remainder. Within the
SM, the u, d, s quark couplings are suppressed by the

1
Sizable contributions to �cg at the GeV scale could arise, while

remaining invisible at the LHC, from a new physics sector which

couples to QCD between the weak scale and the QCD scale.

Such large contributions would however significantly modify the

running of the QCD coupling and are therefore challenged by

various precision measurements at low and high energies.

small fermion masses. Therefore, the heavy quarks
dominate in Eq. (4), yielding small nucleon couplings,
y
SM

n,p ⇠ 10�3. However, requiring fundamental quark
couplings to saturate the direct LHC constraints, nu-
cleon couplings could reach values as large as yn,p ⇠ 3;
while they are limited to yn,p . 0.2 by indirect bounds
(see discussion above). Consequently, given the di-
rect bounds on the quark and electron couplings, the
strength of the Higgs force in atoms could be enhanced by
a factor as large as 106 compared with the SM prediction.

The parity conserving part of the weak interaction con-
stitutes another important e↵ect, at least relative to the
Higgs one mentioned above. The exchange of the Z

0 bo-
son contributes to the electron-nucleus potential at short-
distance as

Vweak(r) = �
8GFm

2

Z0
p
2

gegA

4⇡

e
�rmZ0

r
, (5)

where ge and gA are the vector couplings of the Z
0

boson to the electron and the nucleus, respectively;
their tree level SM values are g

SM

e = �1/4 + s
2

W and
g
SM

A = Q
SM

W /4. Q
SM

W = �(A � Z) + Z(1 � 4s2W ) is
the tree level SM value of the nuclear weak charge and
s
2

W ' 0.23 is the sine of the weak mixing angle squared.
While the electron Z

0 coupling is known with ⇠ 10�3

accuracy from EW precision measurements at LEP [29],
the corresponding couplings to first generation quarks
are poorly constrained by data in a model independent
way. In particular, the down-quark coupling to the Z

0

may have a sizable deviation from its SM value [30], thus
resulting in a significant uncertainty on the predicted
weak nuclear charge. However, measurements of parity
non-conservation (PNC) in atomic transitions can be
used to accurately extract the value of QW at low energy.
For example, in 133Cs atoms the agreement between the
SM prediction and the experimental value is at the 0.5%
level [31]. PNC measurements of similar precision in
other heavy elements are also possible [32–35].

Frequency shifts We evaluate the Higgs contribu-
tion to atomic transition frequencies. Despite the possi-
bly large nuclear Higgs coupling, the range of the Higgs
interaction is extremely short, of O(m�1

h ) ⇠ 10�3 fm,
and its strength remains much weaker than the domi-
nant Coulomb interaction. The Higgs shift in electronic
energy levels is then well-described in first-order (time-
independent) perturbation theory. For the sake of sim-
plicity, we derive our results using non-relativistic wave
functions. In this limit,

�E
Higgs

nlm = hnlm|VHiggs|nlmi ' �
yeyA

4⇡m2

h

| (0)|2
�l,0

n3
, (6)

where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-

(talk  by M. Yamanaka -> we might underestimating by factor of ~5 
due to non relativistic treatment) 
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many-body electron correlations typically result in large
uncertainties. For instance, an ab initio frequency cal-
culation by the authors of Ref. [44] disagrees with their
measurement by more than 20%, with a discrepancy of
⇠ 100MHz.

Breaking King’s linearity The IS between A and
A

0 isotopes is usually thought of as arising from two
di↵erent contributions: a mass shift (MS) and a field
shift (FS) [45]. The MS is due to the nuclear mass
change between the two isotopes. It receives contribu-
tion from a change in nuclear recoil (normal MS) and
a change in electron-electron correlations (specific MS).
Both e↵ects are proportional to the relative mass change
µAA0 ⌘ 1/mA � 1/mA0 = (A0

� A)/(AA0) amu�1, where
amu ⇡ 0.931GeV is the atomic mass unit. The FS, on
the other hand, is due to the change in the charge dis-
tribution of the nucleus and it is approximately propor-
tional to �hr2iAA0 , the di↵erence in the charge distribu-
tion variance between the two isotopes. Therefore, the
IS for a given transition i is assumed to be of the form

�⌫
AA0

i ⌘ ⌫
A
i � ⌫

A0

i = Ki µAA0 + Fi�hr
2
iAA0 , (9)

where Ki and Fi are, respectively, the MS and FS coef-
ficients, that only depend on the transition, not on the
isotopes. Both the specific MS and the FS pose a serious
di�culty in calculating the IS from first principles as the
change in nuclear charge radius and the proportionality
factors in both cases are non-perturbative quantities.

A standard way to extract ratios and di↵erences be-
tween the proportionality factors above, for two di↵er-
ent transitions, and without knowledge of �hr2iAA0 , is
the King plot [46]. Defining modified IS as m�⌫

i
AA0 ⌘

�⌫
i
AA0/µAA0 , the change in charge radius between iso-

topes can be extracted from the IS in a single transi-
tion (i = 1) as �hr2iAA0/µAA0 = (m�⌫1AA0 �K1)/F1 and
substituted in the IS expression for a second transition
(i = 2), which yields

m�⌫
2

AA0 = F21m�⌫
1

AA0 +K21 , (10)

with K21 ⌘ (K2 � F21K1) and F21 ⌘ F2/F1. A linear
relation between the (modified) IS associated with two
di↵erent transitions is therefore expected. If data are
consistent with this linear relation, its slope F21 and o↵-
set K21 can then be extracted by plotting the IS of two
transitions against each other for several isotope pairs.

With experimental accuracy below the Hz level, IS
measurements will become sensitive to faint weak and
Higgs contributions, in the presence of which Eq. (9) be-
comes

�⌫
i
AA0 = Ki µAA0 + Fi�hr

2
iAA0 +Hi(A�A

0) , (11)

with Hi ⌘ 2.7 ⇥ 102 Hz (1 + ne)2ZI
ll0

nn0(yeyn � 2.6 ⇥

10�3
q
n
W ) where q

n
W is the weak nuclear charge per neu-

tron. In the SM, q
n
W = �1 at tree level. The King

relation in Eq. (10) is in turn modified as

m�⌫
2

AA0 = F21m�⌫
1

AA0 +K21 �AA
0
H21 , (12)

where we defined H21 ⌘ (H2 � F21H1) amu. Equa-
tion (12) shows that the Higgs and weak contributions
explicitly breaks King’s linearity law. There is a
possibility for nature to accidentally conspire to cancel
this non-linearity if m�⌫

i
AA0 are linear functions of

A
0. In this case, the H21 term is a mere correction

to the slope parameter F21 and sensitivity to any
e↵ect contributing to Hi is lost. While the precise
isotopic dependence of m�⌫

i
AA0 is straightforward to

check directly from data, once available, we note that
theory estimates strongly disfavour linear scaling of
m�⌫

i
AA0 with A

0. This is expected because the charge
radius of nuclei depends on their shell structure and
therefore does not increase monotonically with the
number of neutrons; see e.g. [47, 48]. We thus find these
accidental cancellation to be unlikely. The King’s law is
therefore expected to break in the presence of the Higgs
and weak forces for narrow optical clock transitions,
leading to a measurable e↵ect. Conversely, as long
as IS data remain consistent with the King relation
in Eq. (10), H21 can be bound largely independently
of theory uncertainties. Furthermore, with su�ciently
good knowledge of the atomic structure, in particular
| (0)|2, and of the weak charge per neutron q

n
W , the

yeyn combination of Higgs couplings can be constrained.
State-of-the-art many-body simulations already predict
the atomic structure of single-valence electron systems
below the 1% level [31]. Although probing new physics
contributions to the parity conserving part of the weak
force is of great interest in itself 2, it is also realistic to
assume that the weak contribution in Eq. (12) can be
substracted from IS data with su�cient accuracy to turn
the latter as a new and complementary probe of Higgs
boson properties or any new physics state provided its
couplings are not aligned with the electric charge.

The case of Yb ion At least four isotopes are needed
in order to probe the third term on the RHS of Eq. (12)
through a deviation from linearity in a King plot. To
this end, an appealing option is to use the two narrow
optical clock transitions of Yb+, namely the E2 and E3
transitions at 436 nm and 467 nm, respectively. In this
case,

H
Yb

+

21

Hz amu
⇡ 0.9

�
3.8⇥ 102yeyn � q

n
W

�
(1� F21) . (13)

The weak e↵ect is expected at the Hz-level, while the
Higgs force could appear slightly below 1Hz under cur-
rent constraints. Hence, given sub-Hz precision on the
IS measurement, a non-linear behavior on the King plot
is expected. The resulting sensitivity on the Higgs cou-
plings can be estimated as follows. First of all, we assume
that the weak contribution is subtracted fromm�⌫’s with
su�cient accuracy, and that a King plot constructed from

2
We leave this study for future works [37].

Ki and Fi are difficult to compute to the accuracy needed 
but they are the same for different isotopes

Isolating the signal: isotope shifts

The King Plot

� First, define modified IS as 
� Measure IS in two transitions. Use transition 1 to 

set   and substitute back into
transition 2:

� Plot                vs. along the isotopic chain
� As long as linearity is observed, one can bound

W. H. King, 
J. Opt. Soc. Am. 53, 638 (1963)

mass shift field shift BSM or NLO SM/QED

Compare frequency of an atomic transition for two different isotopes

A and A0 is the IS, νAA
0

i ≡ νAi − νA
0

i . The IS can be
phenomenologically written as

νAA
0

i ¼ KiμAA0 þ Fiδhr2iAA0 þ # # # ; ð1Þ

where the two terms represent the mass shift and the field
shift (FS), respectively [16,36]; μAA0 ≡m−1

A −m−1
A0 , where

mA and mA0 are the masses of isotopes A and A0, and
δhr2iAA0 is dominated by the difference in the charge radii
of the two nuclei. Both μAA0 and δhr2iAA0 are purely nuclear
quantities that do not depend on the electronic transition i,
whereas Ki and Fi are isotope-independent, transition-
dependent parameters. Given two electronic transitions,
i ¼ 1, 2, one obtains the following linear relation [16,36]:

mνAA
0

2 ¼ K21 þ F21mνAA
0

1 ; ð2Þ

with mνAA
0

i ≡ νAA
0

i /μAA0 , mδhr2iAA0 ≡ δhr2iAA0 /μAA0 , F21≡
F2/F1, and K21 ≡ K2 − F21K1.
The formulas in our treatment of NP are simplified by

introducing a geometrical description of the above leading-
order (LO) factorization, as King linearity is equivalent to
the coplanarity of the vectors. For each transition i, we can

form a vector mν!!
i ≡ ðmν

AA0
1

i ; mν
AA0

2
i ; mν

AA0
3

i Þ. The nuclear
parameters of the field and mass shifts, μAA0 and δhr2iAA0 ,

can also be written as the vectors mμ!!≡ ð1; 1; 1Þ and

mδhr2i
!!!!!

in the same space, and hence Eq. (1) becomes

mν!!
i ¼ Kimμ!!þ Fimδhr2i

!!!!!
. In this language, LO factori-

zation implies that mν!!
i must lie in the plane that is defined

by mμ!! and mδhr2i
!!!!!

, as illustrated in the Supplemental
Material [37]. Like King linearity, coplanarity is a purely
data-driven test of LO factorization since it is independent
of theoretical input. A change in Ki and Fi will merely
change the direction of mν!!

1 and mν!!
2 within the plane, but

the qualitative statement of coplanarity remains. In this
vector language we can provide a compact expression for a
nonlinearity measure,

NL ¼ 1

2
jðmν!!

1 × mν!!
2Þ · mμ!!j: ð3Þ

In terms of the King plot, NL is the area of the triangle
spanned by the three points shown in the Supplemental
Material [37]. Equivalently, in the geometrical picture,
it is half the volume of the parallelepiped defined by
mν!!

1;2 and mμ!!. A given data set is considered linear
if NL is smaller than its first-order propagated error

σNL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Σkð∂NL/∂OkÞ2σ2k

q
, where the sum runs over all

measured observables Ok (modified frequency shifts and
isotope masses) with standard deviations σk.
New physics and violation of King linearity.—We now

include a NP contribution by adding a third, also factorized,
term to Eq. (1),

νAA
0

i ¼ KiμAA0 þ Fiδhr2iAA0 þ αNPXiγAA0 ; ð4Þ

namely, Xi depends on the form of the NP potential and
on the electronic transition, while γAA0 depends only on the
nuclear properties. The parameter αNP is the NP coupling
constant which we would like to probe.
For short-range NP (shorter than the nuclear size), the

electronic parameters Xi are proportional to those of the
FS, Xi ∝ Fi. In this case the NP term can be absorbed by
redefining δhr2iAA0 . Also, if the new physics couples to
electrons and nuclei according to their electric charge,
γAA0 ¼ 0 [38]. However, a long-range force with couplings
not proportional to the electric charge (and barring an
accidental cancellation) can be severely constrained by tests
of King linearity.
Equation (2) written in vectorial form becomes

mν!!
2 ¼ K21mμ!!þ F21mν!!

1 þ αNPh⃗X1ðX21 − F21Þ; ð5Þ

where h⃗ is the NP vector in reduced frequency units; that is,
hAA0 ≡ γAA0 /μAA0 and X21 ≡ X2/X1. Consequently, NP can
lead to a deviation from coplanarity if and only if (i) the
new force is not short-range, X21 ≠ F21, and (ii) h⃗ is not
aligned with any linear combination of mμ!!, mν!!

1, or mν!!
2.
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FIG. 1. Limits on the electron and neutron couplings (yeyn) of a
new boson of mass mϕ (for the experimental accuracies σi
specified on the labels). Constraint from existing IS data: Caþ

(397 vs 866 nm [19], the solid red line). IS projections (the
dashed lines) for Caþ (S → D transitions), Srþ, Sr/Srþ, and Ybþ.
For comparison, existing constraints from other experiments are
shown as shaded areas: fifth force (dark orange) [20,21], ðg − 2Þe
[22,23] combined with neutron scattering (light blue) [24–27] or
SN 1987A (light orange) [28], and star cooling in globular
clusters (orange) [29–33]. The gray line at 17 MeV indicates the
yeyn values required to accommodate the Be anomaly [34,35].
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many-body electron correlations typically result in large
uncertainties. For instance, an ab initio frequency cal-
culation by the authors of Ref. [44] disagrees with their
measurement by more than 20%, with a discrepancy of
⇠ 100MHz.

Breaking King’s linearity The IS between A and
A

0 isotopes is usually thought of as arising from two
di↵erent contributions: a mass shift (MS) and a field
shift (FS) [45]. The MS is due to the nuclear mass
change between the two isotopes. It receives contribu-
tion from a change in nuclear recoil (normal MS) and
a change in electron-electron correlations (specific MS).
Both e↵ects are proportional to the relative mass change
µAA0 ⌘ 1/mA � 1/mA0 = (A0

� A)/(AA0) amu�1, where
amu ⇡ 0.931GeV is the atomic mass unit. The FS, on
the other hand, is due to the change in the charge dis-
tribution of the nucleus and it is approximately propor-
tional to �hr2iAA0 , the di↵erence in the charge distribu-
tion variance between the two isotopes. Therefore, the
IS for a given transition i is assumed to be of the form

�⌫
AA0

i ⌘ ⌫
A
i � ⌫

A0

i = Ki µAA0 + Fi�hr
2
iAA0 , (9)

where Ki and Fi are, respectively, the MS and FS coef-
ficients, that only depend on the transition, not on the
isotopes. Both the specific MS and the FS pose a serious
di�culty in calculating the IS from first principles as the
change in nuclear charge radius and the proportionality
factors in both cases are non-perturbative quantities.

A standard way to extract ratios and di↵erences be-
tween the proportionality factors above, for two di↵er-
ent transitions, and without knowledge of �hr2iAA0 , is
the King plot [46]. Defining modified IS as m�⌫

i
AA0 ⌘

�⌫
i
AA0/µAA0 , the change in charge radius between iso-

topes can be extracted from the IS in a single transi-
tion (i = 1) as �hr2iAA0/µAA0 = (m�⌫1AA0 �K1)/F1 and
substituted in the IS expression for a second transition
(i = 2), which yields

m�⌫
2

AA0 = F21m�⌫
1

AA0 +K21 , (10)

with K21 ⌘ (K2 � F21K1) and F21 ⌘ F2/F1. A linear
relation between the (modified) IS associated with two
di↵erent transitions is therefore expected. If data are
consistent with this linear relation, its slope F21 and o↵-
set K21 can then be extracted by plotting the IS of two
transitions against each other for several isotope pairs.

With experimental accuracy below the Hz level, IS
measurements will become sensitive to faint weak and
Higgs contributions, in the presence of which Eq. (9) be-
comes

�⌫
i
AA0 = Ki µAA0 + Fi�hr

2
iAA0 +Hi(A�A

0) , (11)

with Hi ⌘ 2.7 ⇥ 102 Hz (1 + ne)2ZI
ll0

nn0(yeyn � 2.6 ⇥

10�3
q
n
W ) where q

n
W is the weak nuclear charge per neu-

tron. In the SM, q
n
W = �1 at tree level. The King

relation in Eq. (10) is in turn modified as

m�⌫
2

AA0 = F21m�⌫
1

AA0 +K21 �AA
0
H21 , (12)

where we defined H21 ⌘ (H2 � F21H1) amu. Equa-
tion (12) shows that the Higgs and weak contributions
explicitly breaks King’s linearity law. There is a
possibility for nature to accidentally conspire to cancel
this non-linearity if m�⌫

i
AA0 are linear functions of

A
0. In this case, the H21 term is a mere correction

to the slope parameter F21 and sensitivity to any
e↵ect contributing to Hi is lost. While the precise
isotopic dependence of m�⌫

i
AA0 is straightforward to

check directly from data, once available, we note that
theory estimates strongly disfavour linear scaling of
m�⌫

i
AA0 with A

0. This is expected because the charge
radius of nuclei depends on their shell structure and
therefore does not increase monotonically with the
number of neutrons; see e.g. [47, 48]. We thus find these
accidental cancellation to be unlikely. The King’s law is
therefore expected to break in the presence of the Higgs
and weak forces for narrow optical clock transitions,
leading to a measurable e↵ect. Conversely, as long
as IS data remain consistent with the King relation
in Eq. (10), H21 can be bound largely independently
of theory uncertainties. Furthermore, with su�ciently
good knowledge of the atomic structure, in particular
| (0)|2, and of the weak charge per neutron q

n
W , the

yeyn combination of Higgs couplings can be constrained.
State-of-the-art many-body simulations already predict
the atomic structure of single-valence electron systems
below the 1% level [31]. Although probing new physics
contributions to the parity conserving part of the weak
force is of great interest in itself 2, it is also realistic to
assume that the weak contribution in Eq. (12) can be
substracted from IS data with su�cient accuracy to turn
the latter as a new and complementary probe of Higgs
boson properties or any new physics state provided its
couplings are not aligned with the electric charge.

The case of Yb ion At least four isotopes are needed
in order to probe the third term on the RHS of Eq. (12)
through a deviation from linearity in a King plot. To
this end, an appealing option is to use the two narrow
optical clock transitions of Yb+, namely the E2 and E3
transitions at 436 nm and 467 nm, respectively. In this
case,

H
Yb

+

21

Hz amu
⇡ 0.9

�
3.8⇥ 102yeyn � q

n
W

�
(1� F21) . (13)

The weak e↵ect is expected at the Hz-level, while the
Higgs force could appear slightly below 1Hz under cur-
rent constraints. Hence, given sub-Hz precision on the
IS measurement, a non-linear behavior on the King plot
is expected. The resulting sensitivity on the Higgs cou-
plings can be estimated as follows. First of all, we assume
that the weak contribution is subtracted fromm�⌫’s with
su�cient accuracy, and that a King plot constructed from

2
We leave this study for future works [37].
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A and A0 is the IS, νAA
0

i ≡ νAi − νA
0

i . The IS can be
phenomenologically written as

νAA
0

i ¼ KiμAA0 þ Fiδhr2iAA0 þ # # # ; ð1Þ

where the two terms represent the mass shift and the field
shift (FS), respectively [16,36]; μAA0 ≡m−1

A −m−1
A0 , where

mA and mA0 are the masses of isotopes A and A0, and
δhr2iAA0 is dominated by the difference in the charge radii
of the two nuclei. Both μAA0 and δhr2iAA0 are purely nuclear
quantities that do not depend on the electronic transition i,
whereas Ki and Fi are isotope-independent, transition-
dependent parameters. Given two electronic transitions,
i ¼ 1, 2, one obtains the following linear relation [16,36]:

mνAA
0

2 ¼ K21 þ F21mνAA
0

1 ; ð2Þ

with mνAA
0

i ≡ νAA
0

i /μAA0 , mδhr2iAA0 ≡ δhr2iAA0 /μAA0 , F21≡
F2/F1, and K21 ≡ K2 − F21K1.
The formulas in our treatment of NP are simplified by

introducing a geometrical description of the above leading-
order (LO) factorization, as King linearity is equivalent to
the coplanarity of the vectors. For each transition i, we can

form a vector mν!!
i ≡ ðmν

AA0
1

i ; mν
AA0

2
i ; mν

AA0
3

i Þ. The nuclear
parameters of the field and mass shifts, μAA0 and δhr2iAA0 ,

can also be written as the vectors mμ!!≡ ð1; 1; 1Þ and

mδhr2i
!!!!!

in the same space, and hence Eq. (1) becomes

mν!!
i ¼ Kimμ!!þ Fimδhr2i

!!!!!
. In this language, LO factori-

zation implies that mν!!
i must lie in the plane that is defined

by mμ!! and mδhr2i
!!!!!

, as illustrated in the Supplemental
Material [37]. Like King linearity, coplanarity is a purely
data-driven test of LO factorization since it is independent
of theoretical input. A change in Ki and Fi will merely
change the direction of mν!!

1 and mν!!
2 within the plane, but

the qualitative statement of coplanarity remains. In this
vector language we can provide a compact expression for a
nonlinearity measure,

NL ¼ 1

2
jðmν!!

1 × mν!!
2Þ · mμ!!j: ð3Þ

In terms of the King plot, NL is the area of the triangle
spanned by the three points shown in the Supplemental
Material [37]. Equivalently, in the geometrical picture,
it is half the volume of the parallelepiped defined by
mν!!

1;2 and mμ!!. A given data set is considered linear
if NL is smaller than its first-order propagated error

σNL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Σkð∂NL/∂OkÞ2σ2k

q
, where the sum runs over all

measured observables Ok (modified frequency shifts and
isotope masses) with standard deviations σk.
New physics and violation of King linearity.—We now

include a NP contribution by adding a third, also factorized,
term to Eq. (1),

νAA
0

i ¼ KiμAA0 þ Fiδhr2iAA0 þ αNPXiγAA0 ; ð4Þ

namely, Xi depends on the form of the NP potential and
on the electronic transition, while γAA0 depends only on the
nuclear properties. The parameter αNP is the NP coupling
constant which we would like to probe.
For short-range NP (shorter than the nuclear size), the

electronic parameters Xi are proportional to those of the
FS, Xi ∝ Fi. In this case the NP term can be absorbed by
redefining δhr2iAA0 . Also, if the new physics couples to
electrons and nuclei according to their electric charge,
γAA0 ¼ 0 [38]. However, a long-range force with couplings
not proportional to the electric charge (and barring an
accidental cancellation) can be severely constrained by tests
of King linearity.
Equation (2) written in vectorial form becomes

mν!!
2 ¼ K21mμ!!þ F21mν!!

1 þ αNPh⃗X1ðX21 − F21Þ; ð5Þ

where h⃗ is the NP vector in reduced frequency units; that is,
hAA0 ≡ γAA0 /μAA0 and X21 ≡ X2/X1. Consequently, NP can
lead to a deviation from coplanarity if and only if (i) the
new force is not short-range, X21 ≠ F21, and (ii) h⃗ is not
aligned with any linear combination of mμ!!, mν!!

1, or mν!!
2.
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FIG. 1. Limits on the electron and neutron couplings (yeyn) of a
new boson of mass mϕ (for the experimental accuracies σi
specified on the labels). Constraint from existing IS data: Caþ

(397 vs 866 nm [19], the solid red line). IS projections (the
dashed lines) for Caþ (S → D transitions), Srþ, Sr/Srþ, and Ybþ.
For comparison, existing constraints from other experiments are
shown as shaded areas: fifth force (dark orange) [20,21], ðg − 2Þe
[22,23] combined with neutron scattering (light blue) [24–27] or
SN 1987A (light orange) [28], and star cooling in globular
clusters (orange) [29–33]. The gray line at 17 MeV indicates the
yeyn values required to accommodate the Be anomaly [34,35].
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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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many-body electron correlations typically result in large
uncertainties. For instance, an ab initio frequency cal-
culation by the authors of Ref. [44] disagrees with their
measurement by more than 20%, with a discrepancy of
⇠ 100MHz.

Breaking King’s linearity The IS between A and
A

0 isotopes is usually thought of as arising from two
di↵erent contributions: a mass shift (MS) and a field
shift (FS) [45]. The MS is due to the nuclear mass
change between the two isotopes. It receives contribu-
tion from a change in nuclear recoil (normal MS) and
a change in electron-electron correlations (specific MS).
Both e↵ects are proportional to the relative mass change
µAA0 ⌘ 1/mA � 1/mA0 = (A0

� A)/(AA0) amu�1, where
amu ⇡ 0.931GeV is the atomic mass unit. The FS, on
the other hand, is due to the change in the charge dis-
tribution of the nucleus and it is approximately propor-
tional to �hr2iAA0 , the di↵erence in the charge distribu-
tion variance between the two isotopes. Therefore, the
IS for a given transition i is assumed to be of the form

�⌫
AA0

i ⌘ ⌫
A
i � ⌫

A0

i = Ki µAA0 + Fi�hr
2
iAA0 , (9)

where Ki and Fi are, respectively, the MS and FS coef-
ficients, that only depend on the transition, not on the
isotopes. Both the specific MS and the FS pose a serious
di�culty in calculating the IS from first principles as the
change in nuclear charge radius and the proportionality
factors in both cases are non-perturbative quantities.

A standard way to extract ratios and di↵erences be-
tween the proportionality factors above, for two di↵er-
ent transitions, and without knowledge of �hr2iAA0 , is
the King plot [46]. Defining modified IS as m�⌫

i
AA0 ⌘

�⌫
i
AA0/µAA0 , the change in charge radius between iso-

topes can be extracted from the IS in a single transi-
tion (i = 1) as �hr2iAA0/µAA0 = (m�⌫1AA0 �K1)/F1 and
substituted in the IS expression for a second transition
(i = 2), which yields

m�⌫
2

AA0 = F21m�⌫
1

AA0 +K21 , (10)

with K21 ⌘ (K2 � F21K1) and F21 ⌘ F2/F1. A linear
relation between the (modified) IS associated with two
di↵erent transitions is therefore expected. If data are
consistent with this linear relation, its slope F21 and o↵-
set K21 can then be extracted by plotting the IS of two
transitions against each other for several isotope pairs.

With experimental accuracy below the Hz level, IS
measurements will become sensitive to faint weak and
Higgs contributions, in the presence of which Eq. (9) be-
comes

�⌫
i
AA0 = Ki µAA0 + Fi�hr

2
iAA0 +Hi(A�A

0) , (11)

with Hi ⌘ 2.7 ⇥ 102 Hz (1 + ne)2ZI
ll0

nn0(yeyn � 2.6 ⇥

10�3
q
n
W ) where q

n
W is the weak nuclear charge per neu-

tron. In the SM, q
n
W = �1 at tree level. The King

relation in Eq. (10) is in turn modified as

m�⌫
2

AA0 = F21m�⌫
1

AA0 +K21 �AA
0
H21 , (12)

where we defined H21 ⌘ (H2 � F21H1) amu. Equa-
tion (12) shows that the Higgs and weak contributions
explicitly breaks King’s linearity law. There is a
possibility for nature to accidentally conspire to cancel
this non-linearity if m�⌫

i
AA0 are linear functions of

A
0. In this case, the H21 term is a mere correction

to the slope parameter F21 and sensitivity to any
e↵ect contributing to Hi is lost. While the precise
isotopic dependence of m�⌫

i
AA0 is straightforward to

check directly from data, once available, we note that
theory estimates strongly disfavour linear scaling of
m�⌫

i
AA0 with A

0. This is expected because the charge
radius of nuclei depends on their shell structure and
therefore does not increase monotonically with the
number of neutrons; see e.g. [47, 48]. We thus find these
accidental cancellation to be unlikely. The King’s law is
therefore expected to break in the presence of the Higgs
and weak forces for narrow optical clock transitions,
leading to a measurable e↵ect. Conversely, as long
as IS data remain consistent with the King relation
in Eq. (10), H21 can be bound largely independently
of theory uncertainties. Furthermore, with su�ciently
good knowledge of the atomic structure, in particular
| (0)|2, and of the weak charge per neutron q

n
W , the

yeyn combination of Higgs couplings can be constrained.
State-of-the-art many-body simulations already predict
the atomic structure of single-valence electron systems
below the 1% level [31]. Although probing new physics
contributions to the parity conserving part of the weak
force is of great interest in itself 2, it is also realistic to
assume that the weak contribution in Eq. (12) can be
substracted from IS data with su�cient accuracy to turn
the latter as a new and complementary probe of Higgs
boson properties or any new physics state provided its
couplings are not aligned with the electric charge.

The case of Yb ion At least four isotopes are needed
in order to probe the third term on the RHS of Eq. (12)
through a deviation from linearity in a King plot. To
this end, an appealing option is to use the two narrow
optical clock transitions of Yb+, namely the E2 and E3
transitions at 436 nm and 467 nm, respectively. In this
case,

H
Yb

+

21

Hz amu
⇡ 0.9

�
3.8⇥ 102yeyn � q

n
W

�
(1� F21) . (13)

The weak e↵ect is expected at the Hz-level, while the
Higgs force could appear slightly below 1Hz under cur-
rent constraints. Hence, given sub-Hz precision on the
IS measurement, a non-linear behavior on the King plot
is expected. The resulting sensitivity on the Higgs cou-
plings can be estimated as follows. First of all, we assume
that the weak contribution is subtracted fromm�⌫’s with
su�cient accuracy, and that a King plot constructed from

2
We leave this study for future works [37].
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Isolating the signal: isotope shifts

The King Plot

� First, define modified IS as 
� Measure IS in two transitions. Use transition 1 to 

set   and substitute back into
transition 2:

� Plot                vs. along the isotopic chain
� As long as linearity is observed, one can bound

W. H. King, 
J. Opt. Soc. Am. 53, 638 (1963)

mass shift field shift BSM or NLO SM/QED

Compare frequency of an atomic transition for two different isotopes

A and A0 is the IS, νAA
0

i ≡ νAi − νA
0

i . The IS can be
phenomenologically written as

νAA
0

i ¼ KiμAA0 þ Fiδhr2iAA0 þ # # # ; ð1Þ

where the two terms represent the mass shift and the field
shift (FS), respectively [16,36]; μAA0 ≡m−1

A −m−1
A0 , where

mA and mA0 are the masses of isotopes A and A0, and
δhr2iAA0 is dominated by the difference in the charge radii
of the two nuclei. Both μAA0 and δhr2iAA0 are purely nuclear
quantities that do not depend on the electronic transition i,
whereas Ki and Fi are isotope-independent, transition-
dependent parameters. Given two electronic transitions,
i ¼ 1, 2, one obtains the following linear relation [16,36]:

mνAA
0

2 ¼ K21 þ F21mνAA
0

1 ; ð2Þ

with mνAA
0

i ≡ νAA
0

i /μAA0 , mδhr2iAA0 ≡ δhr2iAA0 /μAA0 , F21≡
F2/F1, and K21 ≡ K2 − F21K1.
The formulas in our treatment of NP are simplified by

introducing a geometrical description of the above leading-
order (LO) factorization, as King linearity is equivalent to
the coplanarity of the vectors. For each transition i, we can

form a vector mν!!
i ≡ ðmν

AA0
1

i ; mν
AA0

2
i ; mν

AA0
3

i Þ. The nuclear
parameters of the field and mass shifts, μAA0 and δhr2iAA0 ,

can also be written as the vectors mμ!!≡ ð1; 1; 1Þ and

mδhr2i
!!!!!

in the same space, and hence Eq. (1) becomes

mν!!
i ¼ Kimμ!!þ Fimδhr2i

!!!!!
. In this language, LO factori-

zation implies that mν!!
i must lie in the plane that is defined

by mμ!! and mδhr2i
!!!!!

, as illustrated in the Supplemental
Material [37]. Like King linearity, coplanarity is a purely
data-driven test of LO factorization since it is independent
of theoretical input. A change in Ki and Fi will merely
change the direction of mν!!

1 and mν!!
2 within the plane, but

the qualitative statement of coplanarity remains. In this
vector language we can provide a compact expression for a
nonlinearity measure,

NL ¼ 1

2
jðmν!!

1 × mν!!
2Þ · mμ!!j: ð3Þ

In terms of the King plot, NL is the area of the triangle
spanned by the three points shown in the Supplemental
Material [37]. Equivalently, in the geometrical picture,
it is half the volume of the parallelepiped defined by
mν!!

1;2 and mμ!!. A given data set is considered linear
if NL is smaller than its first-order propagated error

σNL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Σkð∂NL/∂OkÞ2σ2k

q
, where the sum runs over all

measured observables Ok (modified frequency shifts and
isotope masses) with standard deviations σk.
New physics and violation of King linearity.—We now

include a NP contribution by adding a third, also factorized,
term to Eq. (1),

νAA
0

i ¼ KiμAA0 þ Fiδhr2iAA0 þ αNPXiγAA0 ; ð4Þ

namely, Xi depends on the form of the NP potential and
on the electronic transition, while γAA0 depends only on the
nuclear properties. The parameter αNP is the NP coupling
constant which we would like to probe.
For short-range NP (shorter than the nuclear size), the

electronic parameters Xi are proportional to those of the
FS, Xi ∝ Fi. In this case the NP term can be absorbed by
redefining δhr2iAA0 . Also, if the new physics couples to
electrons and nuclei according to their electric charge,
γAA0 ¼ 0 [38]. However, a long-range force with couplings
not proportional to the electric charge (and barring an
accidental cancellation) can be severely constrained by tests
of King linearity.
Equation (2) written in vectorial form becomes

mν!!
2 ¼ K21mμ!!þ F21mν!!

1 þ αNPh⃗X1ðX21 − F21Þ; ð5Þ

where h⃗ is the NP vector in reduced frequency units; that is,
hAA0 ≡ γAA0 /μAA0 and X21 ≡ X2/X1. Consequently, NP can
lead to a deviation from coplanarity if and only if (i) the
new force is not short-range, X21 ≠ F21, and (ii) h⃗ is not
aligned with any linear combination of mμ!!, mν!!

1, or mν!!
2.
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FIG. 1. Limits on the electron and neutron couplings (yeyn) of a
new boson of mass mϕ (for the experimental accuracies σi
specified on the labels). Constraint from existing IS data: Caþ
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shown as shaded areas: fifth force (dark orange) [20,21], ðg − 2Þe
[22,23] combined with neutron scattering (light blue) [24–27] or
SN 1987A (light orange) [28], and star cooling in globular
clusters (orange) [29–33]. The gray line at 17 MeV indicates the
yeyn values required to accommodate the Be anomaly [34,35].
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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].

PRL 115, 053003 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
31 JULY 2015

053003-4

Gebert et al. (2015) 

IS Ca+

BSM

⬇
King linearity violation



Christophe Grojean INFIERI-UAM,  August 202156

Illustration: adding light new physics (NP)

1

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
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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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2
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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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j , j = 1, 2, 3. The area of the triangle corresponds to the NL of Eq. (6).
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As long as 
King linearity deviation 

is not observed,
one can bound 

new physics sources.
More tricky to interpret 

if a signal is observed

Berengut+’17

2004.11383
Yb+ King plot (300 Hz)

2005.00529
Ca+ King plot (20 Hz)

Spectacular 
experimental 

progress
very recently

https://arxiv.org/abs/1704.05068
http://arxiv.org/abs/arXiv:1704.05068
https://arxiv.org/pdf/2005.00529.pdf.
https://arxiv.org/pdf/2004.11383.pdf
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Conclusions
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He had a theoretical model
‣the Earth is round, 
‣Eratosthenes of Cyrene first estimated its circumference to be 250’000 stadia
‣other measurements later found smaller values ☞Toscanelli’s map
‣lost in unit-conversion or misled by post-truth statements, Columbus thought it was only 70’000 stadia, 
so he believed he could reach India in 4 weeks

He had the right technology
‣Caravels were the only ships at that time to sail against the wind, necessary tool to fight the prevailing 
winds, aka Alizée.  Actually, the Vikings had the right technology too but the knowledge was lost 

Conclusion
Once upon a time… 

Columbus had a great proposal: “reaching India by sailing to the West”
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He had a theoretical model
‣the Earth is round, 
‣Eratosthenes of Cyrene first estimated its circumference to be 250’000 stadia
‣other measurements later found smaller values ☞Toscanelli’s map
‣lost in unit-conversion or misled by post-truth statements, Columbus thought it was only 70’000 stadia, 
so he believed he could reach India in 4 weeks

He had the right technology
‣Caravels were the only ships at that time to sail against the wind, necessary tool to fight the prevailing 
winds, aka Alizée.  Actually, the Vikings had the right technology too but the knowledge was lost 

“theorists don’t need to be right! 
but progress needs theoretical models to motivate exploration”

“if your proposal is rejected, submit it again”

“you need the right technology to beat your competitors”

Conclusion

His proposal was scientifically rejected twice (by Portuguese’s & Salamanca U.)
but fortunately the decision was overruled by Isabel ... and America became great (already)

Moral(s)

Once upon a time… 
Columbus had a great proposal: “reaching India by sailing to the West”
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M. Zuckerberg created FaceMash before Facebook

J.K. Rowling  got rejected 12 times by editors before she published Harry Potter

Beyonce wrote hundreds of songs before ‘Halo’

... Physicists building new colliders ...

M. Zuckerberg, Harvard graduation ceremony speech, May 25, 2017

(… anticipating Cambridge Analytica scandal?…)

“the success comes from the freedom to fail”

one doesn’t have to succeed on the first try

BSM search is an exploration
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Thank you for your attention. 
Good luck for your studies!

if you have question/want to know more 

do not hesitate to send me an email 

christophe.grojean@desy.de

mailto:christophe.grojean@desy.de

