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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
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Beyond Inclusive Higgs analysis 
one example
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access to Higgs couplings @ mH 

κV  κF Contours (1) 
All vector and fermion couplings are scaled by!κV and!κF 

All results in agreement with SM (κV = κf = 1) within 1� 

22 

κV  κF Contours (2) 
Allow for negative κF (which changes the sign of t-W loop interference) 

Note: all physical quantities depend on a product of two κ’s ⇔ 
          other two quadrants are symmetric with respect to (0,0)  

•  Almost 5s exclusion  
    of kF < 0  !!! 
 
•  Some decays in least 

significant production 
channels pulled towards 
inverted interference 

27 
!84

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 

Why going beyond inclusive Higgs processes?
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1. off-shell gg → h* → ZZ → 4l

2. boosted Higgs: Higgs+ high-pT jet

3. double Higgs production

Examples of interesting channels to explore further:

access to Higgs couplings @ mH 

!84

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

Why going beyond inclusive Higgs processes?
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1. off-shell gg → h* → ZZ → 4l

2. boosted Higgs: Higgs+ high-pT jet

3. double Higgs production

Examples of interesting channels to explore further:

access to Higgs couplings @ mH 

!84

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

Combination @ 100 TeV 20ab�1 projections 1608.00977
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 flavor constraints (εK, B→Xs+γ)
 RG evolution
 DM  Delgado et al  ’12 
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Natural susy calls for light stop(s) that can affect the Higgs physics

... or not if Δt≈0 ⇒ light stop window in the MSSM 
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5 TeV)

There are various arguments that favour this light stop region

Inclusive Higgs measurements cannot rule out light stop

Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:

�(h $ gg)

�(h $ gg)SM
= (1 +�t)

2
,

�(h ! ��)

�(h ! ��)SM
= (1� 0.28�t)

2
, (3)

where, in the limit in which we decouple the pseudoscalar Higgs, we find
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Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for mt̃2
⇡ 6mt̃1

if we insist on having

X
2
t
⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between mt̃2
and mt̃1

can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.
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Vacuum stability arguments imply a < 3 (assuming m
2
Hu

⌧ m
2
t̃2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X
2
t
⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt
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'

rXtmt
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So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to mt̃1
⇡ 200 GeV.

4

with
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So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to mt̃1
⇡ 200 GeV.

4

Light stop searches from Higgs+jet
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Difficult direct searches (trigger on stop+extra jet)
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Natural susy calls for light stop(s) that can affect the Higgs physics

... or not if Δt≈0 ⇒ light stop window in the MSSM 
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5 TeV)
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Ñ1

redacted? 
(stealth stop)

State of Stops

 [GeV]t~ m
200 400 600 800 1000 1200

 [G
eV

]
0 1χ∼

m

0

100

200

300

400

500

600

700

800

3−10

2−10

1−10

1

10

210
 (13 TeV)-135.9 fbCMS   

  NLO+NLL exclusion
1
0
χ∼ t → t~, t~ t~ →pp 

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
.L

. u
pp

er
 lim

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

•  CMS 1706.04402

t̃

t

Ñ1
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Inclusive Higgs measurements cannot rule out light stop

Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:
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Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for mt̃2
⇡ 6mt̃1

if we insist on having

X
2
t
⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between mt̃2
and mt̃1

can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.
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Vacuum stability arguments imply a < 3 (assuming m
2
Hu

⌧ m
2
t̃2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X
2
t
⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:
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So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to mt̃1
⇡ 200 GeV.
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Natural susy calls for light stop(s) that can affect the Higgs physics

... or not if Δt≈0 ⇒ light stop window in the MSSM 
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5 TeV)

Grojean, Salvioni, Schlaffer, Weiler  ‘13

Light stop benchmarks
that leaves no signal in inclusive rate

but predicts different tail in pT 
distribution

One good example where large statistics opens up new search strategy

Inclusive Higgs measurements cannot rule out light stop
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that no deviations from the SM (�t ⇡ 0) are obtained for mt̃2
⇡ 6mt̃1

if we insist on having

X
2
t
⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between mt̃2
and mt̃1

can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A
2
t
< a(m2

t̃1
+m

2
t̃2
), then (for large tan �) X2

t
is bounded by

X
2
t
< a

m
2
t̃1
+m

2
t̃2

mt̃1
mt̃2

r⌧1
'

a

r
, r =

mt̃1

mt̃2

. (6)

Vacuum stability arguments imply a < 3 (assuming m
2
Hu

⌧ m
2
t̃2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X
2
t
⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt

m2
t̃2
�m2

t̃1

!
r⌧1
'

rXtmt

mS

. (7)

So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to mt̃1
⇡ 200 GeV.

4

Low rate ⇔ large luminosity needed

Light stop searches from Higgs+jet

http://arXiv.org/abs/13012.3317
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Do we need to reach HH threshold to learn about h3?

One missing piece:
The Higgs self-coupling
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The Higgs self-coupling plays important roles
   1) linked to naturalness/hierarchy problem 
   2) controls the stability of the EW vacuum (… like many other BSM parameters) 
   3) dictates the dynamics of EW phase transition and potentially conditions the generation 
            of a matter-antimatter imbalance via EW baryogenesis 

One missing beast: h3

Does it need to be measured with high accuracy?

Production and decay of Higgs through couplings:

What sort of precision should we aim for?
•  95% confidence it exists: Around 50% accuracy
•  5σ discovery:  Around 20 % accuracy.
•  Quantum structure:  Around 5% accuracy.

Higgs Couplings

H

?

?
Standard Model

Standard Model

Standard Model

Standard Model

M
. M

cC
ul

lo
ug

h,
 

D
ES

Y
’1

8

Only a few new physics scenarios (but they exist) that will be revealed in the measurements of h3

But this measurement is the only way to understand the dynamics of EWSB (Cooper pair or elementary scalar?)

!87
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Higgs self-couplings and Naturalness
In the SM, |H|2 is the only relevant operator  

and it is the source of the hierarchy/naturalness/fine-tuning problem  
It presence has never been tested! 

Reconstructing the Higgs potential before EW symmetry breaking  
from measurements around the vacuum is difficult in general 

but we can easily test gross features, like the presence of the relevant operator(s)

V = �µ
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200% correction 
to SM prediction
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Possible 1st order  
phase transition
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http://arxiv.org/abs/hep-ph/0407019
http://arxiv.org/abs/1504.00355
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Dynamics of EW phase transition

Ch!"o#e Grojean Beyond the Higgs To!no, January‘08

EW Phase Transition in the Standard Model

V F

F

V F

F

In the SM, a 1st order phase transition could occur due 

to thermally generated cubic Higgs interactions: 

V (φ, T ) ≃
1

2

(

−µ2
h + cT 2

)

φ2 +
λ

4
φ4

− ETφ 3
−

T

12π

∑

bosons

m3(φ)

In the SM:
∑

i

≃

∑

W,Z
not enough E =

4m3
W

+ 2m3
Z

12πv3
0

∼ 6·10
−3

⟨φ(Tc)⟩

Tc

=
2 E v2

0

λ v2
0

=
4 E v2

0

m2
h

⟨φ(Tc)⟩

Tc

≥ 1 mh ≤ 47 GeV

2nd order 1st order

or

T=0 T=0

TC

TC

the dynamics of the phase transition is determined by Higgs effective potential at finite T 
which we have no direct access at in colliders (LHC≠Big Bang machine)

finite T 
Higgs potential

Higgs couplings 
at T=0

SM: first order phase transition iff mH < 47 GeV 
BSM: first order phase transition needs some sizeable deviations in Higgs couplings

The asymmetry between matter-antimatter can be created dynamically 
it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition 
(not the only option but the only one that can be tested at colliders)
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h3  and GW

Ch!"o#e Grojean The Higgs in the Sky SUSY ’06, June 14 06

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
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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

LISA cosmology WG ‘15

http://arxiv.org/abs/hep-ph/0607107
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Window to early universe
complementary GW - Colliders

���� ", 1,- (+��+

even hZZ measurements alone are a powerful test of PT!
(hZZ and hhh is better)

Huang,	AL,	&	Wang	(1608.06619)	

FCC-ee 

FC
C

-hh 

FC
C

-hh 

20	

electroweak baryogenesis requires 1st order EWPT

• Huang, Long, Wang, Phys. Rev. D 94, no. 7, 075008 (2016)  
• see also: Kotwal, Ramsey-Musolf, No, Winslow, Phys. Rev. D 94, no. 3, 035022 (2016)

ElectroWeak Phase Transition (EWPT)

�3
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giving rise to GW stochastic background

Huang, Long, Wang ’16
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http://inspirehep.net/record/1482923
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h3 Extraction @ LHC

!92

Notoriously difficult

15Double Higgs production in the SM

-

Negative interference  decreases cross section:

Small production cross section:

Two diagram have very dependant energy dependence. In the high       limit

Best Significance for double Higgs production not necessarily the best to constrain
the trilinear

15Double Higgs production in the SM

-

Negative interference  decreases cross section:

Small production cross section:

Two diagram have very dependant energy dependence. In the high       limit

Best Significance for double Higgs production not necessarily the best to constrain
the trilinear

15Double Higgs production in the SM

-

Negative interference  decreases cross section:

Small production cross section:

Two diagram have very dependant energy dependence. In the high       limit

Best Significance for double Higgs production not necessarily the best to constrain
the trilinear

Note also: 2% uncertainty on tth → 5% uncertainty on h3
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h3 from HH
ee colliders pp colliders 

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.

Hadron collider Lepton collider
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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.

Figure 10. Double Higgs production at hadron (left) [54] and lepton (right) [55] colliders as a function of the modified Higgs
cubic self-coupling. See Table 17 for the SM rates. At lepton colliders, the production cross sections do depend on the
polarisation but this dependence drops out in the ratios to the SM rates (beam spectrum and QED ISR effects have been
included).

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [56–58] and even the
electroweak precision observables [59–61]. 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 [62, 63] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [64]. 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)
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This cannot always be done relying only on inclusive measurements [62, 63] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [64]. 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)

32/80



Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!94

h3 from HH: issue with second minimum

Sensitivity to Higgs self-coupling
The two channels provide complementary information
✦          gives stronger constraints on 
✦      gives stronger constraints on

√
s [GeV]

σ
[f
b
]

e+e− → Zhh

e+e− → νν̄hh (WW -fusion only)
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Fig. 11: Left: Cross section of the main di-Higgs production modes in a lepton collider as a function
of the centre-of-mass energy. Right: Dependence of the signal strengths on the trilinear coupling of the
Higgs for different centre-of-mass energies. The horizontal bands show expected sensitivities.

channels depends on the trilinear Higgs self coupling. The result is presented as a function of

�� = � � 1 = ĉ6 �
3

2
ĉH (10)

which denotes the correction to the Higgs self coupling normalized to its SM value, here given in terms
of the dimension-6 operator of Table 2.

The right panel of Figure 11 shows an interesting complementarity between the two Higgs pair
production channels. Due to a positive interference, the Zhh cross section grows for �� > 0, so
that it can more easily constrain positive deviations in the trilinear Higgs self coupling, but is mostly
insensitive to negative deviations. On the contrary, ⌫⌫̄hh production is more sensitive to negative shifts
of the trilinear coupling that increase the cross section. Notice moreover that the vector-boson-fusion
cross section reproduces the SM one also for �� ⇠ 1, therefore such large positive deviations can not be
tested with the ⌫⌫̄hh inclusive rate. So, although the Zhh sensitivity is weaker than the ⌫⌫̄hh one, the
former can still be useful to probe values �� ⇠ 1. We stress that the above considerations are valid in
the case in which the true value of the Higgs trilinear self coupling is close to the SM one (i.e. �� ' 0).
In the presence of sizeable deviations the sensitivity can become significantly different.

We find that, after combining both vector boson fusion and double Higgsstrahlung channels, CLIC
stages 2 and 3 are sufficient to exclude the second fit minimum at �� ⇠ 1 at 95%C.L. . Another
possibility to lift the degenerate minima is to consider the information on the invariant mass spectrum
of the two Higgs bosons, mhh, since it offers an excellent discrimination power thanks to the large
sensitivity to modifications of the Higgs trilinear coupling [32]. Large positive values of �� lead to
a spectrum with a sharp peak close to threshold followed by a steep fall off. A simple cut-and-count
analysis with a few bins is thus sufficient to distinguish this distribution from the SM one [33]. Here we
present a simplified version of the analysis in Section 2.2.2, where the mhh distribution is splitted in 5
bins.

As can be seen from the results in Table 7, differential information in vector boson fusion di-Higgs
production at

p
s = 3 TeV allows one to constrain �� to the range [�0.11, 0.13] at the ��2 = 1 level.

This result should be compared with the [�0.13, 0.16] [ [1.13, 1.42] constraint that is achievable with
inclusive cross section measurements only.
Low-energy and global fit
Let us now consider the impact of the low-energy CLIC Stage 1 run. Such a run leads to very small
double-Higgs-production rates, making these channels irrelevant for determining the Higgs trilinear self

23

�� > 0

�� < 0

ZHH

⌫⌫̄HH

‣ dependence on         decreases with energy in            , but compensated by large 
increase in cross section

�� ⌫⌫̄HH

ee colliders pp colliders 

How do we measure the Higgs self coupling?

3

H

H

H

g

g H

Hg

g

• Very small Cross Section.
Heavier final state.
Additional weak coupling.

• At least one Higgs into bottoms.
gg ! HH ⇠ 35 fb (13 TeV)

gg ! H ⇠ 50 pb (13 TeV)

(�1,�17.5] [ [22.5,1)

(�1,�12] [ [17,1)Assuming no change in the other Higgs couplings,  
ATLAS and CMS at 8 TeV exclude the regions

(�1,�1.3] [ [8.7,1)At 3000 fb-1 the exclusion region should be

Higgs Pair Production

arXiv:1509.0467; arXiv:1506.0028; arXiv:1603.0689

ATL-PHYS-PUB-2014-019;  ATL-PHYS-PUB-2015-046
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)

7

Frederix et al. ‘14 

Pheno studies on LHC constraints for      : 
Baur et al. ’03. Baglio et al.; Papaefstathiou et al. ’12.  Barger et al.; 
Yao ’13.  de Lima et al.; Englert et al.; Liu and Zhang; Wardrope et al. 
’14. Azatov et al.; Behr et al.; Cao et al.; Dolan et al.; Lu et al. ’15.  

7

Calculation framework

We assume that New Physics induces only a modification in the Higgs potential, 
rescaling the trilinear coupling by a factor   

1 Introduction

The discovery of a new scalar resonance with mass around 125 GeV at the
Large Hadron Collider (LHC) [1,2] opened a new era in high-energy particle
physics. The study of the properties of this particle provides strong evidence
that it is the Higgs boson of the Standard Model (SM), i.e., a scalar CP-even
state whose couplings to the other known particles have a SM-like structure
and strengths proportional to their masses. In particular, ATLAS and CMS
performed both independent [3, 4] and combined [5] studies on the Higgs
couplings in the so-called -framework [6,7], where the predicted SM Higgs
strengths ci are rescaled by overall factors i. In the combined analysis based
on 7 and 8-TeV data sets [5] the couplings with the vector bosons have been
found to be compatible with those expected from the SM, i.e., V = 1
(V = W,Z), within a ⇠ 10% uncertainty, while in the case of the heaviest
SM fermions (the top, the bottom quarks and the ⌧ lepton) the uncertainty
is of order ⇠ 15 � 20%. However, at this stage, additional relations among
the di↵erent i are often assumed, improving the sensitivity of experimental
analyses on i but leading to a loss of generality. Therefore, the precision of
the current measurements still leaves room for Beyond-the-Standard-Model
(BSM) scenarios involving modifications of the Higgs-boson couplings to the
vector bosons and fermions.

Besides the direct search of new particles, one of the main tasks of the
second run of the LHC at

p
s = 13 TeV centre-of-mass energy will be the

precise determination of the properties and interactions of the SM particles,
in particular those of the Higgs boson, in order to constrain e↵ects from
New Physics (NP). The increase of the production cross sections together
with a larger integrated luminosity, which is expected to reach 300 fb�1 per
experiment at the end of the Run II and up to 3000 fb�1 in the case of the
following High Luminosity (HL) option, will allow to probe the couplings
of the Higgs boson with the other SM particles with much higher accuracy.
In particular, present estimates [8, 9], suggest that at the end of the Run
II the Higgs-boson couplings to the vector bosons are expected to reach a
⇠ 5% precision with 300 fb�1 luminosity, while the couplings to the heavy
fermions could reach ⇠ 10 � 15% precision. Similar estimates for the end
of the HL option indicate a reduction of these numbers by at least a factor
⇠ 2.

The study of the trilinear (�3) and quartic (�4) Higgs self couplings in
the scalar potential

V (H) =
m

2
H

2
H

2 + �3vH
3 + �4H

4

2

is in a completely di↵erent situation. In the SM, the potential is fully de-
termined by only two parameters, e.g., v = (

p
2Gµ)�1/2 and the coe�cient

of the (�†�)2 interaction �, where � is the Higgs doublet field. Thus, the
mass and the self couplings of the Higgs boson depend only on � and v

(m2

H
= 2�v2,�SM

3
= �,�

SM
4

= �/4). On the contrary, in the case of ex-
tended scalar sectors or in presence of new dynamics at higher scales the
trilinear and quartic couplings, �3 and �4, typically depend on additional
parameters and their values can depart from the SM predictions [10, 11].

At the Leading Order (LO) the Higgs decay widths and the cross sec-
tions of the main single-Higgs production processes, i.e., gluon–gluon fusion
(ggF), vector-boson fusion (VBF), W and Z associated production (WH,
ZH) and the production in association with a top-quark pair (tt̄H), depend
on the couplings of the Higgs boson to the other particles of the SM, yet they
are insensitive to �3 and �4. Information on �3 can be directly obtained at
LO only from final states featuring at least two Higgs bosons. However, the
cross sections of these processes are much smaller than those from single-
Higgs production, due to the suppression induced by a heavier final state
and an additional weak coupling. At

p
s = 13 TeV the single-Higgs gluon-

gluon-fusion production cross section in the SM is around 50 pb [12], while
the double-Higgs cross section is around 35 fb in the gluon-gluon-fusion
channel [13–15] and even smaller in other production mechanisms [16,17].

A plethora of perspective studies performed at
p
s = 13 TeV suggest

that it should be possible to detect the production of a Higgs pair via
bb̄�� [16, 18–22], bb̄⌧⌧ [16, 23], bb̄W+

W
� [24] and bb̄bb̄ [25–27] final states,

and also via signatures emerging from tt̄HH [28,29] and HV V [30] produc-
tion channels. However, the ultimate precision that could be achieved on the
determination of �3 is much less clear. Even with an integrated luminosity
of 3000 fb�1, experimental analyses suggest that it will be possible to ex-
clude at the LHC only values in the range �3 < �1.3 �

SM
3

and �3 > 8.7 �
SM
3

via the bb̄�� signatures [31] or �3 < �4 �
SM
3

and �3 > 12 �
SM
3

even includ-
ing also bb̄⌧⌧ signatures [32], i.e., a much more pessimistic perspective than
the results reported in the phenomenological explorations. The current ex-
perimental bounds on non-resonant Higgs pair production cross sections as
obtained at 8 TeV are rather weak. ATLAS has been able to exclude only a
signal up to 70 times larger than the SM one [33,34], which can be roughly
translated to the �3 < �12 �

SM
3

and �3 > 17 �
SM
3

exclusion limits, while
CMS puts a 95% C.L. exclusion limit on �3 < �17.5 �

SM
3

and �3 > 22.5 �
SM
3

assuming changes only in the trilinear Higgs-boson coupling, with all other
parameters fixed to their SM values [35]. Thus, additional strategies in the
determination of the trilinear Higgs self coupling �3 that are alternative and

3

framework and discuss the �3-dependent part of the NLO EW corrections
to the single-Higgs processes. In the following section we present the calcu-
lation of such contributions to the various observables. Section 4 is devoted
to study the impact of the �3-dependent contribution in the single-Higgs
production and decay modes at the LHC, while in the following section we
discuss the constraints on �3 that can be obtained from the current data
and also from future measurements. In the last section we summarise and
draw our conclusions.

2 �3-dependent contributions in single-Higgs pro-

cesses

As basic assumption, we consider a BSM scenario where the only (or domi-
nant) modification of the SM Lagrangian at low energy appears in the scalar
potential. In other words, we assume that the only relevant e↵ect induced
at the weak scale by unknown NP at a high scale is a modification of the
self couplings of the 125 GeV boson. In particular, we concentrate on the
trilinear self-coupling of the Higgs boson, making the assumption that mod-
ifications of �4 and of possible other self-couplings in the potential lead to
much smaller e↵ects and that the strength of tree-level interactions of the
Higgs field with the vector bosons and with the fermions is not (or very
weakly) modified w.r.t. the SM case. We therefore simply parametrise the
e↵ect of NP at the weak scale via a single parameter �, i.e., the rescal-
ing of the SM trilinear coupling, �SM

3
. Thereby, the H

3 interaction in the
potential, where H is the physical Higgs field, is given by

VH3 = �3 v H
3
⌘ ��

SM

3 v H
3
, �

SM

3 =
Gµ
p
2
m

2

H
, (1)

with the vacuum expectation value, v, related to the Fermi constant at the
tree-level by v = (

p
2Gµ)�1/2.

As we will discuss and quantify in more detail in the following, the
“deformation” of the Higgs trilinear coupling induces modifications of the
Higgs couplings to fermions and to vector bosons at one loop. However,
since �3-dependent contributions are energy- and observable-dependent, the
resulting loop-induced modifications include also contributions that cannot
be parameterised via a rescaling of the tree-level couplings of the single-
Higgs production and decay processes considered. Thus, it is important
to keep in mind that the e↵ects discussed in this work cannot be correctly
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Equivalently, the calculation is valid also for NP scenarios where effects from 
anomalous HVV and Hff interactions are smaller than those induced by       .
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Figure 21: Observed (solid line) and expected (dashed line) negative log-likelihood scan of the �du parameter,
probing the ratios of coupling modifiers for up-type versus down-type fermions for the combination of ATLAS and
CMS. The other parameters of interest from the list in the legend are also varied in the minimisation procedure.
The red (green) horizontal line at the �2� ln⇤ value of 1 (4) indicates the value of the profile likelihood ratio
corresponding to a 1� (2�) CL interval for the parameter of interest, assuming the asymptotic �2 distribution of the
test statistic.

6.4. Fermion and vector boson couplings

The last and most constrained parameterisation studied in this section is motivated by the intrinsic di↵er-
ence between the Higgs boson couplings to weak vector bosons, which originate from the breaking of the
EW symmetry, and the Yukawa couplings to the fermions. Similarly to Section 6.2, it is assumed in this
section that there are no new particles in the loops (ggF production process and H ! �� decay mode)
and that there are no BSM decays, i.e. BBSM = 0. Vector and fermion coupling modifiers, V and F , are
defined such that Z = W = V and t = ⌧ = b = F . These definitions can be applied either glob-
ally, yielding two parameters, or separately for each of the five decay channels, yielding ten parameters
 f

V and  f
F (following the notation related to Higgs boson decays used for the signal strength parameterisa-

tion). Two fits are performed: a two-parameter fit as a function of V and F , and a ten-parameter fit as a
function of  f

V and  f
F for each decay channel.

As explained in Section 2.4 and shown explicitly in Table 4, the Higgs boson production cross sections
and partial decay widths are only sensitive to products of coupling modifiers and not to their absolute sign.
Any sensitivity to the relative sign between V and F can only occur through interference terms, either
in the H ! �� decays, through the t–W interference in the �� decay loop, or in ggZH or tH production.
Without any loss of generality, this parameterisation assumes that one of the two coupling modifiers,
namely V (or  f

V ), is positive.

The combined ATLAS and CMS results are shown in Fig. 24 for the individual channels and their com-
bination. The individual decay channels are seen to be compatible with each other only for positive
values of  f

F . The incompatibility between the channels for negative values of  f
F arises mostly from the
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Equivalent study for only ZH production at e+e- collider in McCullough ‘14

Similar studies in EFT approach for only gluon-fusion with decays into photons in  
Gorbahn, Haisch ’16, and for VBF+VH in Bizon, Gorbahn, Haisch, Zanderighi ’16
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assuming changes only in the trilinear Higgs-boson coupling, with all other
parameters fixed to their SM values [35]. Thus, additional strategies in the
determination of the trilinear Higgs self coupling �3 that are alternative and
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framework and discuss the �3-dependent part of the NLO EW corrections
to the single-Higgs processes. In the following section we present the calcu-
lation of such contributions to the various observables. Section 4 is devoted
to study the impact of the �3-dependent contribution in the single-Higgs
production and decay modes at the LHC, while in the following section we
discuss the constraints on �3 that can be obtained from the current data
and also from future measurements. In the last section we summarise and
draw our conclusions.

2 �3-dependent contributions in single-Higgs pro-

cesses

As basic assumption, we consider a BSM scenario where the only (or domi-
nant) modification of the SM Lagrangian at low energy appears in the scalar
potential. In other words, we assume that the only relevant e↵ect induced
at the weak scale by unknown NP at a high scale is a modification of the
self couplings of the 125 GeV boson. In particular, we concentrate on the
trilinear self-coupling of the Higgs boson, making the assumption that mod-
ifications of �4 and of possible other self-couplings in the potential lead to
much smaller e↵ects and that the strength of tree-level interactions of the
Higgs field with the vector bosons and with the fermions is not (or very
weakly) modified w.r.t. the SM case. We therefore simply parametrise the
e↵ect of NP at the weak scale via a single parameter �, i.e., the rescal-
ing of the SM trilinear coupling, �SM

3
. Thereby, the H

3 interaction in the
potential, where H is the physical Higgs field, is given by
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3 v H
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p
2
m
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H
, (1)

with the vacuum expectation value, v, related to the Fermi constant at the
tree-level by v = (

p
2Gµ)�1/2.

As we will discuss and quantify in more detail in the following, the
“deformation” of the Higgs trilinear coupling induces modifications of the
Higgs couplings to fermions and to vector bosons at one loop. However,
since �3-dependent contributions are energy- and observable-dependent, the
resulting loop-induced modifications include also contributions that cannot
be parameterised via a rescaling of the tree-level couplings of the single-
Higgs production and decay processes considered. Thus, it is important
to keep in mind that the e↵ects discussed in this work cannot be correctly
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Figure 21: Observed (solid line) and expected (dashed line) negative log-likelihood scan of the �du parameter,
probing the ratios of coupling modifiers for up-type versus down-type fermions for the combination of ATLAS and
CMS. The other parameters of interest from the list in the legend are also varied in the minimisation procedure.
The red (green) horizontal line at the �2� ln⇤ value of 1 (4) indicates the value of the profile likelihood ratio
corresponding to a 1� (2�) CL interval for the parameter of interest, assuming the asymptotic �2 distribution of the
test statistic.

6.4. Fermion and vector boson couplings

The last and most constrained parameterisation studied in this section is motivated by the intrinsic di↵er-
ence between the Higgs boson couplings to weak vector bosons, which originate from the breaking of the
EW symmetry, and the Yukawa couplings to the fermions. Similarly to Section 6.2, it is assumed in this
section that there are no new particles in the loops (ggF production process and H ! �� decay mode)
and that there are no BSM decays, i.e. BBSM = 0. Vector and fermion coupling modifiers, V and F , are
defined such that Z = W = V and t = ⌧ = b = F . These definitions can be applied either glob-
ally, yielding two parameters, or separately for each of the five decay channels, yielding ten parameters
 f

V and  f
F (following the notation related to Higgs boson decays used for the signal strength parameterisa-

tion). Two fits are performed: a two-parameter fit as a function of V and F , and a ten-parameter fit as a
function of  f

V and  f
F for each decay channel.

As explained in Section 2.4 and shown explicitly in Table 4, the Higgs boson production cross sections
and partial decay widths are only sensitive to products of coupling modifiers and not to their absolute sign.
Any sensitivity to the relative sign between V and F can only occur through interference terms, either
in the H ! �� decays, through the t–W interference in the �� decay loop, or in ggZH or tH production.
Without any loss of generality, this parameterisation assumes that one of the two coupling modifiers,
namely V (or  f

V ), is positive.

The combined ATLAS and CMS results are shown in Fig. 24 for the individual channels and their com-
bination. The individual decay channels are seen to be compatible with each other only for positive
values of  f

F . The incompatibility between the channels for negative values of  f
F arises mostly from the
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Equivalent study for only ZH production at e+e- collider in McCullough ‘14

Similar studies in EFT approach for only gluon-fusion with decays into photons in  
Gorbahn, Haisch ’16, and for VBF+VH in Bizon, Gorbahn, Haisch, Zanderighi ’16

Standard Answer: you need to produce at least two Higgs!

Frederix++  ’14

mhh distribution will help separate 
the two degenerate points

(larger h3, mhh more picked close to threshold) 

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.

Hadron collider Lepton collider
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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.

Figure 10. Double Higgs production at hadron (left) [54] and lepton (right) [55] colliders as a function of the modified Higgs
cubic self-coupling. See Table 17 for the SM rates. At lepton colliders, the production cross sections do depend on the
polarisation but this dependence drops out in the ratios to the SM rates (beam spectrum and QED ISR effects have been
included).

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [56–58] and even the
electroweak precision observables [59–61]. 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 [62, 63] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [64]. 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)
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M. Spannowsky, Mainz ’15

Summary on H self-coupling 

HL LHC 3/ab ILC/CLIC FCC 100TeV 

Precision  

on 𝜆ுுு 

𝑏𝑏ത𝛾𝛾: poor, only ∼ 𝑂(1)  
determination 

 

Other channels: needs more 

detailed studies 

ILC 

• DHS alone at 500 GeV and 1TeV 

gives only ∼ 𝑂(1) determination 

•  ~28%  via VBF at 1TeV, 1/ab 

CLIC at 3TeV, 2/ab 

• ~12% via VBF  

𝑏𝑏ത𝛾𝛾: golden channel. 5-10% 

determination might be 

possible with 30/ab.  

 

~3x less sensitivity with 3/ab 

Comments Combining various channels 

might be important 

The role of VBF is important 

High CM energy and high luminosity 

are crucial 

Improvements on heavy flavor 

tagging, fakes, mass resolution 

etc are crucial to achieve our 

goal 

Summary on High energy scattering/probe of EWSB 

Benefits 
of FCC & 
Exclusive 
analysis 

• PDF luminosity ratio 100TeV/14TeV indicates a large enhancement of cross sections at 
the tail of invariant mass 

• 𝜹𝝈𝟐→𝟐
𝝈𝑺𝑴

∼ 𝒈∗𝟐

𝒈𝑺𝑴
𝟐

𝑬𝟐

𝒎∗
𝟐   𝐯. 𝐬. 𝜹𝒄

𝒄𝑺𝑴
∼ 𝒈∗𝟐

𝒈𝑺𝑴
𝟐

𝒎𝒉
𝟐

𝒎∗
𝟐     𝐟𝐫𝐨𝐦  𝐨𝐧𝐬𝐡𝐞𝐥𝐥  𝐩𝐫𝐨𝐜𝐞𝐬𝐬  

• BSM effects appear in various E-dependent terms  
• Exclusive analysis is required  to  break  “degeneracy”  among  various  BSM  coefficients 
 

Detector 

Issue 

• More events leak into forward region due to the boost along the beam axis 

• Forward jets are more forward 

M. Son, Washington ’15

ILC current studies: 
(4b and 2b2W modes) 
29%@4/ab, 500GeV 

16%@2/ab, 1TeV 
10%@5/ab, 1TeV

Higgs self-coupling prospects 16Double Higgs production

HL-LHC @ 3 ab-1, 95% CL 

Most promising channel is a trade off between cleanness and statistic:

ATL-PHYS_PUB_2017-001

Idea, since the bounds are so loose and trilinear enter at NLO in single Higgs process

Can single Higgs process help?

McCullough, 1312.3322
Gorbahn, Haisch 1607.03773
Degrassi, et al. 1607.04251
Bizon, et al. 1610.05771

Current constraints:

S. Wertz,

Higgs Couplings 2017

https://indico.mitp.uni-mainz.de/getFile.py/access?contribId=1&sessionId=1&resId=0&materialId=slides&confId=31
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DRAFT

parameter could be measuremed with a precision of 10 to 20%, as illustrated in Figure 75. It should also2735

be noted that the second minimum of the likelihood would be unambiguously excluded at the HE-LHC.2736

It should be emphasized that these results rely on assumptions of experimental performance in very2737

high pile up environment O(800-100) that would require further validation with more detailed studies,2738

and that no systematic uncertainties are considered at this point. On the other hand these studies do not2739

include the additional decay channels that have already been studied for HL-LHC, and of others that2740

could become relevant at the HE-LHC. Exclusive production modes are also very interesting to take into2741

consideration for this measurement. The potential improvements from these have not yet been assessed2742

yet.2743

λκ

1− 0 1 2 3 4 5 6 7 8

L)
∆

-2
ln

(

0

2

4

6

8

10

12

14

16
HL-LHC/HE-LHC

-1 = 14 TeV, 3 abs
HL-LHC combined

-1 = 27 TeV, 15 abs
HE-LHC combined

σ1

σ2

σ3

σ4

σ5

Fig. 75: Expected sensitivity for the measurement of the Higgs trilinear coupling through the measure-
ment of direct HH production at HE-LHC. The black line corresponds to the combination of ATLAS
and CMS measurements with HL-LHC data presented in Section 3.2.3, with systematic uncertainties
considered. The red band corresponds to an estimate of the sensitivity using a combination of the bb̄��
and bb̄⌧⌧ channels, without systematic uncertainties considered.

3.5 Indirect probes2744

In this section we discuss the possibility of indirectly extract information on the trilinear self interaction2745

of the Higgs boson via precise measurements of single-Higgs production [329–337] at the HL-LHC and2746

HE-LHC. This strategy is complementary to the direct measurement via double-Higgs production, which2747

already at leading order, i.e. at one loop in the case of gg ! HH , depends on the trilinear Higgs self2748

interaction. In the case of single-Higgs production, on the contrary, the Higgs self interactions enter only2749

via one-loop corrections, i.e., at the two-loop level for the gluon-fusion (ggF ) production mode. The2750

effects of modified Higgs self interactions are therefore generically much smaller, but for single-Higgs2751

production processes the precision of the experimental measurements is and will be much better than for2752

double-Higgs production. This, and the fact that for single-Higgs production many different final states2753

and both inclusive as well as differential measurements are possible will lead to competitive indirect2754

determinations of the trilinear Higgs self coupling. In [338, 339] also electroweak precision observables2755

have been considered to this purpose.2756
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[Higgs Physics at the HL-LHC and HE-LHC 
report, to appear]
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Fig. 62: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+backgrond fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standlone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.
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Fig. 63: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+backgrond fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000fb�1.(b) Expected
measured values of � for the differents channels for the ATLAS in blue and the CMS experiment
in red, as well as the combined measurement. The lines with error bars show the total uncertainty
on each measurement while the boxes correspond to the statistical uncertainties. In the cases where
the extrapolation is performed only by one experiment, same performances are assumed for the other
experiment and this is indicated by a hatched bar.
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✦ HL-LHC can test the Higgs trilinear with O(50%) precision
0.57  ��  1.5 68%at C.L.

✦ HE-LHC could test the Higgs trilinear with O(15-30%) precision  
(projections vary significantly between different analyses)

HL/HE-LHC Higgs WG report

0.57  �  1.5

https://cds.cern.ch/record/2650162/
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O6 corrections to VVh vertex
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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where GF = 1/(
p

2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
i

with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2

h
, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ

i
(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.

The form factors entering (3.1) can be expressed in terms of the following 1-loop
Passarino-Veltman (PV) scalar integrals
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and the tensor coefficients of the two tensor integrals
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Anatomy of O6 corrections
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write

��(h ! ff̄) =
Nf

c GF mhm2
f

4
p

2⇡

 
1 �

4m2
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!3/2

�f , (4.1)

where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain
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and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]
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and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as
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All production & decays channels receive two types 
of contributions: i) a process dependent one, which 
is linear in c6; ii) a universal one associated to Higgs 
wave function renormalization, which contains a 
piece quadratic in c6 

Gorbahn & UH, 1607.03773; Degrassi et al., 1607.04251; Bizoń, et al., 1610.05771
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
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with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2
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, i.e. an on-shell Higgs boson. Notice that �µ⌫
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(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ
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(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

Self-Coupling at NLO

•  At NLO modified coupling enters in the 
following loops:
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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where GF = 1/(
p

2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
i

with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2

h
, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ

i
(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.

The form factors entering (3.1) can be expressed in terms of the following 1-loop
Passarino-Veltman (PV) scalar integrals
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write
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where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
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and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
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and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
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IV =
GF m3

h

8
p

2⇡
NV

q
↵(q21, q

2
2, m

2
h
) �(q21, q

2
2, m

2
h
) �V , (4.5)

with NW = 1, NZ = 1/2 and

↵(x, y, z) =
⇣
1 �

x

z
�

y

z

⌘2
�

4xy

z2
, �(x, y, z) = ↵(x, y, z) +

12xy

z2
. (4.6)

– 6 –
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of contributions: i) a process dependent one, which 
is linear in c6; ii) a universal one associated to Higgs 
wave function renormalization, which contains a 
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function renormalisation. We determine the relevant contributions using FeynArts [37] and
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Figure 10. Histograms for “CMS-II” (300 fb�1). The distributions represented are, from left to
right and from top to bottom: 1) best values, 2) 1� region lower limit, 3) 1� region upper limit, 4)
2� region lower limit, 5) 2� region upper limit, 6) p > 0.05 region lower limit, 7) p > 0.05 region
upper limit, 8) 1� region width, 9) 2� region width, 10) p > 0.05 region width.
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Figure 11. As Fig. 10 for “CMS-HL-II” (3000 fb�1).
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example, we find that for the scenario P4


1�

�
= [0.86, 1.14] , 

2�

�
= [0.74, 1.28] , 

p>0.05

�
= [0.28, 1.80] . (5.8)

Considering as before n = 10000 pseudo-measurements, the histograms analogous to those
in Fig. 10 and 11 are shown in Fig. 13. Again, we find the indication that, most-likely, in
this optimistic scenario stronger bounds than those reported in Eq. (5.8) could be set.

20

This bound is not very stringent: for |�| . 10 one gets ⇤ . 5 TeV. For values of �
within the expected high-luminosity LHC bounds, perturbativity loss is thus well above

the energy range directly testable at the LHC.

As a last point, we comment on the issue of the stability of the Higgs vacuum. As

pointed out in ref. [6], if the only deformation of the Higgs potential is due to the (H†
H)3

operator, the usual vacuum is not a global minimum for � & 3. In this case the vacuum

becomes metastable, although it could still have a long enough lifetime. Additional de-

formations from higher-dimensional operators can remove the metastability bound, even

for large values of �. A lower bound � > 1 can also be extracted if we naively require

the Higgs potential to be bounded from below for arbitrary values of the Higgs VEV hhi,

i.e. if we require the coe�cient of the (H†
H)3 operator to be positive. This constraint,

however, is typically too restrictive. Our estimate of the e↵ective potential, in fact, is only

valid for relatively small values of the Higgs VEV, which satisfy " = ✓g
2
⇤hhi

2
/m

2
⇤ . 1.

For large values of hhi the expansion in the Higgs field breaks down and the estimate of

the potential obtained by including only dimension-6 operators is not reliable any more

and the whole tower of higher-dimensional operators should be considered. In this case

large negative corrections to the Higgs trilinear coupling could be compatible with a stable

vacuum. Examples of such scenarios are the composite Higgs models in which the Higgs

field is identified with a Goldstone boson. In these models the Higgs potential is periodic

and a negative coe�cient for the e↵ective (H†
H)3 operator does not generate a runaway

behavior of the potential.

3 Fit from inclusive single-Higgs measurements

As we mentioned in the introduction, single-Higgs production measurements can be sen-

sitive to large variations of the Higgs trilinear self-coupling. These e↵ects arise at loop

level and can be used to extract some constraints on the � parameter. Under the as-

sumption that only the trilinear Higgs coupling is modified, � can be constrained to the

range � 2 [�0.7, 4.2] at the 1� level and � 2 [�2.0, 6.8] at 2� [6] at the end of the high

luminosity phase of the LHC. This result was obtained by assuming that the experimental

uncertainties are given by the ‘Scenario 2’ estimates of CMS [26, 27], in which the the-

ory uncertainties are halved with respect to the 8TeV LHC run and the other systematic

uncertainties are scaled as the statistical errors. The actual precision achievable in the

high-luminosity LHC phase could be worse than this estimate, leading to a slightly smaller

sensitivity on �. Nevertheless the result shows that single Higgs production could be

competitive with other measurements, for instance double-Higgs production, in the deter-

mination of the Higgs self coupling.

A similar analysis, focusing only on the gluon fusion cross section and on the H ! ��

branching ratio, was presented in ref. [5]. With this procedure a bound � 2 [�7.0, 6.1] at

the 2� level was derived, whose overall size is in rough agreement with the result of ref. [6].

In section 2.3 we saw that large corrections to the Higgs self-couplings are seldom

generated alone and are typically accompanied by deviations in the other Higgs interactions.

In scenarios that predict O(1) corrections to �, single Higgs couplings, such as Yukawa
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• Explore	the	“matrix”	production-decays
• Comprehensive	set	of	measurements,	including	now	13	TeV data

• Combinations	ATLAS	CMS	to	improve	precision
• Higgs	obey	the	SM	predictions	(so	far)	

23/05/2017 C.Diaconu,	ATLAS,	Planck2017 14

Higgs	production	and	properties

sxBr normalised to	SM

gg+ZZ combination

ATLAS-CONF-2016-079

ATLAS-CONF-2016-067

ATLAS-CONF-2016-081

C. Diaconu @ Planck’17

The fabulous 52 channels

5 main production modes: ggF, VBF,  WH, ZH, ttH
5 main decay modes: ZZ, WW, γγ, ττ, bb
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h3  @NLO vs h @ LO in global fit 
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Process Combination Theory Experimental

H ! ��

ggF 0.07 0.05 0.05

VBF 0.22 0.16 0.15

ttH 0.17 0.12 0.12

WH 0.19 0.08 0.17

ZH 0.28 0.07 0.27

H ! ZZ

ggF 0.06 0.05 0.04

VBF 0.17 0.10 0.14

ttH 0.20 0.12 0.16

WH 0.16 0.06 0.15

ZH 0.21 0.08 0.20

H ! WW
ggF 0.07 0.05 0.05

VBF 0.15 0.12 0.09

H ! Z� incl. 0.30 0.13 0.27

H ! bb̄
WH 0.37 0.09 0.36

ZH 0.14 0.05 0.13

H ! ⌧
+
⌧
� VBF 0.19 0.12 0.15

Table 1. Estimated relative uncertainties on the determination of single-Higgs production channels
at the high-luminosity LHC (14 TeV center of mass energy, 3/ab integrated luminosity and pile-
up 140 events/bunch-crossing). The theory, experimental (systematic plus statistic) and combined
uncertainties are listed in the ‘Theory’, ‘Experimental’ and ‘Combination’ columns respectively. All
the estimates are derived from refs. [10–12] and [3, 28].

The numbers listed in parentheses correspond to the 1� uncertainties obtained by consid-

ering only one parameter at a time, i.e. by setting to zero the coe�cients of all the other

e↵ective operators.

The comparison between the global fit and the fit to individual operators shows that

some bounds can significantly vary with the two procedures. The most striking case, as

noticed already in ref. [13], involves the czz and cz⇤ coe�cients, whose fit shows a high

degree of correlation. As a consequence, the constraints obtained in the global fit are more

than one order of magnitude weaker than the individual fit ones. This high degeneracy can

be lifted by including in the fit constraints coming from EW observables. Indeed, as we will

discuss later on, a combination of the czz and cz⇤ operators also modifies the triple gauge

couplings, generating an interesting interplay between Higgs physics and vector boson pair

production.

Another element of particular interest in the correlation matrix is the ĉgg – �yt entry.

The cleanest observable constraining these couplings is the gluon fusion cross section, which

however can only test a combination of the two parameters. In order to disentangle them

one needs to consider the ttH production mode. This process, however, has a limited

precision at the LHC, explaining the large correlation between ĉgg and �yt and the weaker

bounds in the global fit. Other ways to gain information about the top Yukawa coupling
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interactions or couplings with the gauge bosons, usually receive corrections of the order of

5�10%. Since these corrections modify single-Higgs processes at tree level, their e↵ects are

comparable with the ones induced at loop level by a modification of the Higgs self-coupling.

In these scenarios, a reliable determination of � thus requires a global fit, in which also

the single-Higgs coupling distortions are properly included.

In this section we will perform such a fit, taking into account deformations of the SM

encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are

possible, resulting in an unconstrained combination of the e↵ective operators. This flat

direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.

3.1 Single-Higgs rates and single-Higgs couplings

As a preliminary step in our analysis, we focus on single Higgs couplings neglecting the

e↵ects of � and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-

ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the

SM predictions. The total signal strength, µf

i
, for a given production mode i and decay

channel h ! f , is thus given by

µ
f

i
= µi ⇥ µ

f =
�i

(�i)SM
⇥

BR[f ]

(BR[f ])SM
. (3.1)

Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal

strengths as

µ
f

i
' 1 + �µi + �µ

f
, (3.2)

since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
! µ

f
��. For this reason, out of

7For simplicity we neglect the µ
+
µ
� and cc̄ decay modes and assume that no invisible decay channels

are present.
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions

– 20 –
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Figure 1. Variation of the Higgs basis parameters along the flat direction as a function of the Higgs
trilinear coupling �. The gray bands correspond to the 1� error bands at the high-luminosity LHC
(see eq. (3.4)).

It must be stressed that the exact flat direction could in principle be lifted if we

include in the signal strengths computation also terms quadratic in the EFT parameters.

The additional terms, however, become relevant only for very large values of �, so that

for all practical purposes we can treat the flat direction as exact. Notice moreover that,

when the quadratic terms become important, one must a priori also worry about possible

corrections from higher-dimensional operators, which could become comparable to the

square of dimension-6 operators.

As we discussed in the previous section, additional observables can provide independent

bounds on the Higgs couplings. In particular some of the strongest constraints come from

the measurements of TGC’s and of the h ! Z� branching ratio. In the fit of the single-

Higgs couplings these constraints were enough to get rid of the large correlation between

czz and cz⇤ and to improve the bound on ĉz� . The impact on the global fit including the

Higgs trilinear coupling is instead limited. The reason is the fact that the combination

of parameters tested in TGC’s (see appendix B) and in h ! Z� are ‘aligned’ with the

flat direction, i.e. they involve couplings whose values along the flat direction change very

slowly (see fig. 1). Although the flat direction is no more exact, even assuming that the

TGC’s and cz� can be tested with arbitrary precision, very large deviations in the Higgs

self-coupling would still be allowed.

production and decay signal strengths are approximately equal to the SM ones, namely |�µi| < 0.005,

|�µ
f
| < 0.005 for |�| < 20.
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Figure 3. Constraints in the planes (�yt, ĉgg) (left panel) and (�yb, ĉ��) (right panel) obtained
from a global fit on the single-Higgs processes. The darker regions are obtained by fixing the Higgs
trilinear to the SM value � = 1, while the lighter ones are obtained through profiling by restricting
�� in the ranges |��|  10 and |��|  20 respectively. The regions correspond to 68% confidence
level (defined in the Gaussian limit corresponding to ��

2 = 2.3).

for the single-Higgs couplings. On the other hand, if we have some theoretical bias that

constrains the Higgs self-coupling modifications to be small (�� . few), a restricted fit in

which only the corrections to single-Higgs couplings are included is reliable.

We will see in the following that the situation can drastically change if we include in

the fit additional measurements that can lift the flat direction. In particular we will focus

on the measurement of double Higgs production in the next section and of di↵erential single

Higgs distributions in section 5.

4 Double Higgs production

A natural way to extract information about the Higgs self-coupling is to consider Higgs

pair production channels. Among this class of processes, the production mode with the

largest cross section [51], which we can hope to test with better accuracy at the LHC,

is gluon fusion.16 Several analyses are available in the literature, focusing on the various

Higgs decay modes. The channel believed to be measurable with the highest precision is

hh ! bb�� [20, 55–61]. In spite of the small branching ratio (BR ' 0.264%), its clean

final state allows for high reconstruction e�ciency and low levels of backgrounds. In the

following we will thus focus on this channel for our analysis.

Additional final states have also been considered in the literature, in particular hh !

bbbb [62–65], hh ! bbWW
⇤ [58, 63, 66] and hh ! bb⌧

+
⌧
� [58, 62, 63, 67, 68]. All these

channels are plagued by much larger backgrounds. In order to extract the signal, one

16It has been pointed out in ref. [52] that the WHH and ZHH production modes could provide a good

sensitivity to positive deviations in the Higgs self-coupling. As we will see in the following, the gluon fusion

channel is instead more sensitive to negative deviations. The associated double Higgs production channels

could therefore provide useful complementary information for the determination of �. For simplicity we

only focus on the gluon fusion channels in the present analysis. We leave the study of the V HH channels,

as well as of the double Higgs production mode in VBF (see refs. [53, 54]), for future work.
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In models with parametrically large h3, fit with κλ @ NLO can differ from LO fit by a factor 2.

But this concerns only particular BSM models, in most models κλ ~κi  and NLO effects are negligible.
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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uncertainty assuming 0 aTGCs.
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1) with a run at 240 GeV only, bound starts to become meaningful only
         if perfect control of di-boson

2) combining 240+350 improves significantly the bounds on h3

S. Di Vita,  G. Durieux, C. Grojean,  J. Gu, Z. Liu, G. Panico,  
M. Riembau, T. Vantalon ‘17
See also F. Maltoni, D. Pagani, X. Zhao ‘18

Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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3) combination FCC-ee and HL-LHC is very powerful 
      (especially if cannot afford FCC-ee @ 350GeV)

Don’t need high-energy ee to measure h3

http://arxiv.org/abs/arXiv:1711.03978
http://arxiv.org/abs/arXiv:1802.07616
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Figure 12: A summary of the bounds on ”Ÿ⁄ from global fits for various future collider scenarios.
For the “1h only” scenario, only single Higgs measurements at lepton colliders are included.

deviations of O(1) in the Higgs self-coupling. As one can see from Fig. 12, this precision
is comparable to (or better than) the one achievable at low-energy lepton colliders with
low integrated luminosity at 350 GeV runs. This is the case for our circular collider
benchmarks with 200 fb≠1 integrated luminosity at 350 GeV, as well as for the low-energy
runs of the ILC. In these scenarios the HL-LHC data will still play a major role in the
determination of ”Ÿ⁄, while lepton colliders always help constraining large positive ”Ÿ⁄

that the HL-LHC fails to exclude beyond the one-sigma level. On the other hand, with
1 ab≠1 of luminosity collected at 350 GeV, the lepton collider data starts dominating the
combination.

The situation is instead di�erent at high-energy hadron colliders which can benefit
from a sizable cross section in double Higgs production through gluon fusion. A pp

collider with 100 TeV center-of-mass energy is expected to determine ”Ÿ⁄ with a precision

23

S. Di Vita et al  ‘17

Direct measurement
from HH production

http://arxiv.org/abs/arXiv:1711.03978
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from a sizable cross section in double Higgs production through gluon fusion. A pp

collider with 100 TeV center-of-mass energy is expected to determine ”Ÿ⁄ with a precision
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S. Di Vita et al  ‘17

Conclusions
CLIC allows to measure the Higgs trilinear self-coupling

✦ first precision determination  (only O(50%) possible at HL-LHC)

✦ VBF and DHS main channels at stage II and stage III  
(possible exploitation of differential distribution in VBF)

✦ ultimate CLIC precision ~10% at 68% CL
bounds on ��

1

1
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ILC
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✦ only FCC-hh can compete 
in sensitivity

Jan. ’19 Update

HL-LHC new projections
improved by factor 2-3 vs 2013

CLIC new projections also
improved by factor 2-3

FCC-hh can probe quantum corrections to h3

Don’t need high-energy ee to measure h3

Direct measurement
from HH production

http://arxiv.org/abs/arXiv:1711.03978
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All the numbers reported
correspond to a simplified combination of the considered collider with HL-LHC which is approximated by a 50% constraint on
k3. The numbers for Method(1), i.e. "di-H excl.", correspond to the results given by the future collider collaborations. For
Methods "di-H glob." (2a), "single-H excl." (3) and "single-H glob." (4) we report the results computed by the Higgs@FC
working group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Methods

(1) and (2.a) cannot be used, hence the dash signs. No sensitivity was computed along Method (2.a) for HE-LHC and CLIC3000
but our initial checks do not show any difference with the sensitivity obtained for Method (1). Due to the lack of results
available for the ep cross section in SMEFT, we do not present any result for LHeC nor HE-LHeC, and only results with
Method (1) for FCC-eh..

colliders improve by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of BRunt relies on assuming
kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared to HL-LHC but the higher
energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10, respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [68] is based on the direct search for h ! e+e�. A preliminary
study at the FCCee [69] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! h is

1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per year
achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an upper
limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.
Currently the upper bound on the charm coupling is kc < 10 [70]. [BHv2: This limit is actually on µ , not on kappa. Need
to fix.] [FMv2: Fixed it]. With HL-LHC, it is expected to improve the sensitivity to values of kc of the order 6-21, while
LHCb, with the foreseen detector improvement, could reach a sensitivity on kc of 2-3 [10]. [BHv2: LHCb limit of 5-10 is
also on µ , not on kappa while HL-LHC projection of 6-21 is on µ . So, it is a slight mess and we have to decide what to
do.] [FMv2: It is fixed.Thanks.]

Exclusive Higgs decays to a vector meson (V ) and a photon, H !V g , V = r,w,f ,J/y,° directly probe the Higgs bottom,
charm strange, down and up quark Yukawas [71–73]. Within the LHC, the Higgs exclusive decays are the only direct probe
of the u and d Yukawa couplings, while if s-tagging could be implemented at the LHC [73], then the strange Yukawa could
be probed both inclusively and exclusively. On the experimental side, both ATLAS and CMS have reported upper bounds
on H ! J/yg [74, 75], H ! fg and h ! rg [76, 77]. These processes receive contributions from two amplitudes, only one
of which is proportional to the Yukawa coupling. Since the contribution proportional to the Yukawa is smaller, the largest

37/81

Production and decay of Higgs through couplings:

What sort of precision should we aim for?
•  95% confidence it exists: Around 50% accuracy
•  5σ discovery:  Around 20 % accuracy.
•  Quantum structure:  Around 5% accuracy.

Higgs Couplings

H

?

?
Standard Model

Standard Model

Standard Model

Standard Model

Don’t need high-energy 
ee to establish

the existence of h3

http://arxiv.org/abs/arXiv:1905.03764
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Sensitivity from measurements at high E 
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Panel discussion
• Not really “illuminating” 

• Everybody on the defensive side 

• CepC representative “we should all go separate to the 
funding agencies so that at least one gets funded” ?!?! 

• Nima: “If you do particle physics with the goal of 
discovering a new particle, better you think what to do with 
your life now.” (in the context of “direct discovery” vs 
“indirect/precision physics” at future colliders) 

• …. + other personal comments ….

14

LHCP ‘2017

Particle or not Particle?

New physics doesn’t necessarily mean new particle, 
it could also mean new dynamics.  

And it could reveal through precision measurements

m⇤ = g⇤f⇤

g* weak: 

resonances before interactions

“energy helps accuracy”

CLIC: best accuracy from great sensitivity & large energy

�O

O
/ E2 sensitivity of 0.1% @ 100GeV ≈ sensitivity of 10% @ 1TeV

Farina et al ’16

g* strong: 

interactions before resonances
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Particle or not Particle?

New physics doesn’t necessarily mean new particle, 
it could also mean new dynamics.  

And it could reveal through precision measurements

m⇤ = g⇤f⇤

g* weak: 
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“energy helps accuracy”

CLIC: best accuracy from great sensitivity & large energy
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/ E2 sensitivity of 0.1% @ 100GeV ≈ sensitivity of 10% @ 1TeV

Farina et al ’16

g* strong: 

interactions before resonances

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 form DY 

1) BSM effects boosted in high energy processes

When Energy Helps Accuracy

EFT Low-Energy: 

• require accuracy: large lumi, low syst. and th. err

�O/O ⇠ m2
EW/⇤2

�O/O ⇠ E2/⇤2High-Energy:

•benefit from high energy and high accuracy

Ld=6

If high-energy, we can learn already from 1% measur.

This is why LHC can beat LEP EWPT:    

The Energy and Accuracy Frontier 

[Francesco’s and Clements’s talks]
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Results: HE-LHC vs FCC-ee
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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

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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Results: HE-LHC vs FCC-ee
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Results: FCC-hh 
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https://indico.cern.ch/event/595651/contributions/2583392/attachments/1472681/2279481/LCtop.pdf
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Figure 35: Radar plot for the p p ! t t̄ h (upper) and p p ! t t̄ hj (lower) processes at the

13 TeV LHC, see Figure 7 and Section 4.1.2 of the main text for a detailed description.

The bb̄-initiated component has not been included.

at high energies. Sensitivity to the Yukawa operator is also increased with respect to tt̄Z

although no growth with energy is observed. Setting the coe�cients to their limit values

confirms that the required enhancements to overcome the QCD-induced process are not

possible, except in the case of the weak dipole operators that could provide as much as

a 100-fold enhancement of the EW contribution already at inclusive level. The quadratic

contributions from the e↵ective operators display the expect growths in the high energy

region.

Requiring the extra jet in the final state results in a factor 3–4 enhancement of the

total rate and a similar sensitivity profile to tt̄h. On the other hand, the QCD-induced

contributions goes down slightly to 320 fb. Interfering growth appears for the currents,

with the phase space cancellations moving now to O
(3)
'Q. The energy growth of the quadratic

terms, however, is significantly enhanced across the board, with O(1�10) relative enhance-

ments at inclusive level that can grow to O(100) after the high energy cut. Altogether, and

inclusive measurement of this process would provide better constraining power than tt̄Zj.

– 47 –
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Figure 35: Radar plot for the p p ! t t̄ h (upper) and p p ! t t̄ hj (lower) processes at the

13 TeV LHC, see Figure 7 and Section 4.1.2 of the main text for a detailed description.

The bb̄-initiated component has not been included.

at high energies. Sensitivity to the Yukawa operator is also increased with respect to tt̄Z

although no growth with energy is observed. Setting the coe�cients to their limit values

confirms that the required enhancements to overcome the QCD-induced process are not

possible, except in the case of the weak dipole operators that could provide as much as

a 100-fold enhancement of the EW contribution already at inclusive level. The quadratic

contributions from the e↵ective operators display the expect growths in the high energy

region.

Requiring the extra jet in the final state results in a factor 3–4 enhancement of the

total rate and a similar sensitivity profile to tt̄h. On the other hand, the QCD-induced

contributions goes down slightly to 320 fb. Interfering growth appears for the currents,

with the phase space cancellations moving now to O
(3)
'Q. The energy growth of the quadratic

terms, however, is significantly enhanced across the board, with O(1�10) relative enhance-

ments at inclusive level that can grow to O(100) after the high energy cut. Altogether, and

inclusive measurement of this process would provide better constraining power than tt̄Zj.
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“inclusive” analysis

“high-E” analysis

r =
�BSM

�SM

can have a factor 10 effect for the operators 
that lead to an effect growing with E

Impact of operator
vs. SM

New interesting analyses to be done to maximise EFT sensitivity in top measurement!

https://arxiv.org/pdf/1904.05637.pdf


Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!109

Other BSM searches at future colliders



Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!110
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• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a photon or Z
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• ALP decay into photons

Patrick Janot 

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

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

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

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

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 
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Associated production
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• ALP associated production with a H
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• ALP decay into leptons

Material from A. Thamm
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Flavours		:	B	anomalies,	τ	physics,	…	
q  Lepton	flavour	universality	is	challenged	in	b	�	s	!+!�		transitions	@	LHCb	

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

➨  Decay	can	be	fully	reconstructed;	full	angular	analysis	possible	

	

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

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

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

20 

B0→ K* (892) τ+τ�  

~SM 

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

J.F.	Kamenik	et	al.	
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BSM searches away from high-energy colliders



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

BSM and Atomic Physics

!113



Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!114

Atomic Clocks as a BSM probe

p

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) .

1

�
= RZ2

✓
1

n2
� 1

n02

◆

Exp sensitivity in atomic clock measurements O(10-18)
(ms over one billon years)

Can be used to detect new (long range) forces

Physics beyond QED contributes to

the frequency of the radiation 

2

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.

2

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) 

fifth force

‘ ‘
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:
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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-
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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
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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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, (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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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

Needs to measure 2 atomic transitions with at least 4 isotopes
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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,
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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
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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
State of the art: King Linearity holds in Ca+ (1:104)   
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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
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Gebert et al. (2015) 

IS Ca+

Needs to measure 2 atomic transitions with at least 4 isotopes
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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
iAA0

2
/µAA0

2
, hr

2
iAA0

3
/µAA0

3

�
, (S2)

�!
mµ ⌘ (1, 1, 1) . (S3)

As long as �!
m⌫1,2 are spanned by �!

mµ and
����!
m�hr

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

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

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

����!
m�hr

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

illustrates a nonlinear King plot, where the area of the triangle corresponds to the NL of Eq. (6).

the plane spanned by �!
mµ and

����!
m�hr

2
i
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2
i
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= ↵NPXi
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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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Abstract

In this Letter we explore the potential of probing new light force-carriers, with spin-independent
couplings to the electron and the neutron, using precision isotope shift spectroscopy. We develop
a formalism to interpret linear King plots as bounds on new physics with minimal theory inputs.
We focus only on bounding the new physics contributions that can be calculated independently
of the Standard Model nuclear e↵ects. We apply our method to existing Ca+ data and project
its sensitivity to possibly existing new bosons using narrow transitions in other atoms and ions
(specifically, Sr and Yb). Future measurements are expected to improve the relative precision by
five orders of magnitude, and can potentially lead to an unprecedented sensitivity for bosons within
the 10 keV to 10MeV mass range.

I. INTRODUCTION

The Standard Model of particle physics (SM) success-
fully describes multiple observations up to the TeV scale,
and is theoretically consistent up to a much higher en-
ergy. However, the SM cannot be a complete description
of Nature. For example, it lacks a viable dark matter
candidate and can neither explain the observed matter-
antimatter asymmetry of our Universe nor neutrino oscil-
lations. In addition, the SM su↵ers from hierarchy issues
both in the Higgs sector and the fermionic sector. These
experimental observations require new physics (NP) be-
yond the SM, however, none of these observations point
towards a specific new theory or energy scale.

The quest for NP is pursued in multiple directions.
Current e↵orts with colliders such as the LHC form
the energy frontier, probing directly the TeV energy
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scale. Other accelerators, such as B-factories, NA62 and
neutrino experiments, form the intensity frontier that
broadly probes the MeV–GeV scale. Atomic physics
tabletop experiments form a third frontier of precision
measurements (see e.g.: [1–5], for a review see [6–8])
where sub-MeV physics can be e�ciently tested. It is
interesting to note that NP that may account for the hi-
erarchy issues could be new light scalars that couple to
matter fields [9–15]. To convert the high precision o↵ered
by atomic and molecular spectroscopy into sensitivity to
fundamental new physics, one either has to acquire sim-
ilar theoretical accuracy of atomic structure or alterna-
tively seek for unique observables that are insensitive to
theoretical uncertainties.

In this paper we show that precision isotope shift (IS)
spectroscopy may probe spin-independent couplings of
light boson fields to electrons and neutrons. The idea
is to extract constraints from bounds on nonlinearities
in a King plot comparison [16] of isotope shifts of two
narrow transitions [17]. We develop a new formalism to
interpret these measurements in the context of searching
for new light force carriers and propose several elements
and transitions that can be used for such analyses. We
recast existing measurements into bounds and provide an
estimation for the sensitivity of future measurements, see
Fig. 1. The validity of our method to bound NP does not
rely on the knowledge of the SM contributions to King
plot nonlinearites. Its constraining power, however, is
limited by the size of the observed nonlinearities. In case
that Kings linearity is established, at the current state-
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Electric Dipole Moment
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non-relativistic limit

Nonvanishing d breaks CP

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

SM prediction:

e e

3

1

2 2

3

SM contribution is ridiculously small,

EDM is a clear sign of New Phisics

Non-relativistic limit

Nonvanishing EDM breaks CP

SM predictions

SM  contribution is ridiculously small

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

Further improvements in

a -very- short timescale

 Science 343, p. 269-272 (2014) 
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EDM as a BSM probe
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FCC constraints on top partners’ CP phases

- Even if phases are 1% size, competitive with FCC.
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LHC and electron EDM constraints on top partners

HL-LHC projectios:Current constraints:

- ACME constraints stronger if CP phase is larger than 0.1

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

LHC HL-LHC

FCC-hh FCC-hh

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

Panico, Riembau, Vantalon ‘17

http://arxiv.org/abs/arXiv:1712.06337
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Why are we expecting B violation(s)?
   1) Neutral meson oscillations, neutral lepton oscillations (very likely), why not neutral
          baryon oscillations? 
   2) Global symmetry are not consistent with quantum gravity
   3) Need to generate matter-antimatter imbalance

!122

Baryon number violation(s)

conservation of angular momentum ⇒ spin of nucleon should be transferred to another fermion

Selection rule

1) ΔB=ΔL (nucleon → antilepton)
2) ΔB=-ΔL (nucleon → lepton)
3) ΔL=±2 (0νββ)
4) ΔB=±2 (nn oscillations, dinucleon decays)

Proton stability doesn’t exclude baryogenesis!

If h3 coupling is SM-like, unlikely that baryogenesis occurs at weak scale 
Large scale baryogenesis requires B-L violation  

otherwise any B asymmetry created above EWSB scale is wiped out by active EW sphalerons 

-
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p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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τ14 p → e+K0
S

τ15 p → e+K0
L

τ16 N → µ+K > 26 (n), > 1600 (p) 90%

τ17 p → µ+K0
S

τ18 p → µ+K0
L

τ19 N → νK > 86 (n), > 5900 (p) 90%

τ20 n → νK0
S > 260 90%

τ21 p → e+K∗(892)0 > 84 90%

τ22 N → νK∗(892) > 78 (n), > 51 (p) 90%

Antilepton + mesonsAntilepton + mesonsAntilepton + mesonsAntilepton + mesons
τ23 p → e+π+π− > 82 90%

τ24 p → e+π0π0 > 147 90%

τ25 n → e+π−π0 > 52 90%

τ26 p → µ+π+π− > 133 90%

τ27 p → µ+π0π0 > 101 90%

τ28 n → µ+π−π0 > 74 90%

τ29 n → e+K0π− > 18 90%

Lepton + mesonLepton + mesonLepton + mesonLepton + meson
τ30 n → e−π+ > 65 90%

τ31 n → µ−π+ > 49 90%

τ32 n → e−ρ+ > 62 90%

τ33 n → µ−ρ+ > 7 90%

τ34 n → e−K+ > 32 90%

τ35 n → µ−K+ > 57 90%

Lepton + mesonsLepton + mesonsLepton + mesonsLepton + mesons
τ36 p → e−π+π+ > 30 90%

τ37 n → e−π+π0 > 29 90%

τ38 p → µ−π+π+ > 17 90%

τ39 n → µ−π+π0 > 34 90%

τ40 p → e−π+K+ > 75 90%

τ41 p → µ−π+K+ > 245 90%

Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)

τ42 p → e+γ > 670 90%

τ43 p → µ+γ > 478 90%

τ44 n → ν γ > 550 90%

τ45 p → e+γγ > 100 90%

τ46 n → ν γγ > 219 90%

Antilepton + single masslessAntilepton + single masslessAntilepton + single masslessAntilepton + single massless
τ47 p → e+X > 790 90%

τ48 p → µ+X > 410 90%
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p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •
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1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.
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See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%
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τ13 N → e+K > 17 (n), > 1000 (p) 90%
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Three (or more) leptonsThree (or more) leptonsThree (or more) leptonsThree (or more) leptons

τ49 p → e+ e+ e− > 793 90%

τ50 p → e+µ+µ− > 359 90%

τ51 p → e+ ν ν > 170 90%

τ52 n → e+ e−ν > 257 90%

τ53 n → µ+ e−ν > 83 90%

τ54 n → µ+µ−ν > 79 90%

τ55 p → µ+ e+ e− > 529 90%

τ56 p → µ+µ+µ− > 675 90%

τ57 p → µ+ ν ν > 220 90%

τ58 p → e−µ+µ+ > 6 90%

τ59 n → 3ν > 5 × 10−4 90%

τ60 n → 5ν

Inclusive modesInclusive modesInclusive modesInclusive modes
τ61 N → e+ anything > 0.6 (n, p) 90%

τ62 N → µ+ anything > 12 (n, p) 90%

τ63 N → ν anything
τ64 N → e+π0 anything > 0.6 (n, p) 90%

τ65 N → 2 bodies, ν-free

∆B = 2 dinucleon modes∆B = 2 dinucleon modes∆B = 2 dinucleon modes∆B = 2 dinucleon modes

The following are lifetime limits per iron nucleus.

τ66 pp → π+π+ > 72.2 90%

τ67 pn → π+π0 > 170 90%

τ68 nn → π+π− > 0.7 90%

τ69 nn → π0π0 > 404 90%

τ70 pp → K+K+ > 170 90%

τ71 pp → e+ e+ > 5.8 90%

τ72 pp → e+µ+ > 3.6 90%

τ73 pp → µ+µ+ > 1.7 90%

τ74 pn → e+ ν > 260 90%

τ75 pn → µ+ ν > 200 90%

τ76 pn → τ+ ντ > 29 90%

τ77 nn → νe νe > 1.4 90%

τ78 nn → νµ νµ > 1.4 90%

τ79 pn → invisible > 2.1 × 10−5 90%

τ80 pp → invisible > 5 × 10−5 90%
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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)

Pattern of B violation in SM(EFT)
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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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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

2
d

�
WuX2!d̄d̄ +

�
rūr2 � r

2
d̄

�
WūX2!dd +

�
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�
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�
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2
d̄

�
WX2!udd +

�
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2
d

�
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�
r2 � r1rurū

�
WX2!X1ūu , (A.12)

�C3 =
�
rur1 � r
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d̄ W

0
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

http://inspirehep.net/record/1449902
https://indico.cern.ch/event/706475/contributions/3000533/attachments/1663342/2667074/nnbarZZ_pascos18.pdf
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Late decay scenario Early decay scenario

YX2

Γwo YB

T~MX2 T~MX1 H~ΓX2

YX2

Γwo YB

T~MX2 T~MX1

X2 interacts very weakly 
=> freezes out then decays

Small departures from equilibrium 
just due to Hubble expansion

X1-mediated washout 
is suppressed => 

efficient baryogenesis

L � ⌘X1 ✏
ijk(ūc

iPRdj)(d̄
c
kPRX1) + ⌘X2 ✏

ijk(ūc
iPRdj)(d̄

c
kPRX2) + ⌘c (ū

iPLX1)(X̄2PRui) + h.c. ,

with |⌘X1 | ⌘ ⇤�2
X1

, |⌘X2 | ⌘ ⇤�2
X2

, |⌘c| ⌘ ⇤�2
c .

⇤X2 ⇠ ⇤c � ⇤X1 ⇤X1 � ⇤X2 & ⇤c

Baryogenesis

4

FIG. 2. Parameter space of the minimal EFT probed by
n-n̄ oscillation for the late decay scenario, assuming MX2 =
4MX1 . For ⇤X2 = ⇤c = 50⇤X1 , the green shaded region can
accommodate YB = 8.6 ⇥ 10�11. For ⇤X2 = ⇤c = 25⇤X1

(100⇤X1), viable region is between dashed red (dot-dashed
blue) lines. The gray shaded region marks ⇤X1 < MX2 , where
EFT validity requires greater than O(1) coupling.

while keeping their ratios fixed, at some point we enter a
regime where X2 decouples from the SM bath while rel-
ativistic, and Y

fo
X2

saturates at Y eq
X2

(T � MX2) =
1
⇡2

T 3

s ,
so that further increasing the ⇤’s only reduces ✏CP and
hence the final YB . Furthermore, for su�ciently high
⇤X2 and ⇤c, X2 dominates the energy density of the uni-
verse before it decays (this does not happen for X1 in the
parameter space we consider), so that its decay injects
significant entropy into the plasma, diluting the baryon
asymmetry. Both of these e↵ects – saturation and dilu-
tion – determine the upper boundary of the viable region.

Early decay scenario — For the opposite hierarchy
⇤X1 � ⇤X2 , n-n̄ oscillation is dominated byX2 exchange
and probes the MX2 -⇤X2 parameter space (see Fig. 3).
In this case, X2 is short-lived, and its abundance closely
follows the equilibrium curve. However, small departures
from equilibrium, always present in an expanding uni-
verse because interaction rates are finite, can be su�cient
for baryogenesis if washout can be suppressed. The rates
for washout processes involving X1 and X2 are propor-
tional to n1⇤

�4
X1

and n2⇤
�4
X2

, respectively, where n1,2 are
the number densities of X1,2. If ⇤X1 ⇠ ⇤X2 , washout
would be e�cient until T ⇠ MX1 , i.e. until n1 starts
to fall exponentially. In contrast, by increasing ⇤X1 , we
enter a regime where washout is dominated by X2 pro-
cesses at high temperatures and becomes ine�cient as
soon as the temperature falls below MX2 (washout due
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⇤X2 . For all these points, ⇤X1 ⇠ 10⇤X2 is needed to suppress
washout. The gray shaded region marks ⇤X2 < MX2 , where
EFT validity requires greater than O(1) coupling.

to udd $ ūd̄d̄, whose rate ⇠ T
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2⇤8 falls steeply with
T , is also irrelevant at this point), resulting in a short
period of baryon asymmetry generation from X2 decays
(see Fig. 1). Note that increasing ⇤X1 with respect to
⇤X2 also helps to increase departures from equilibrium
compared to the degenerate case.

Fig. 3 shows points in the MX2 -⇤X2 plane that can
realize the observed YB through this early decay pro-
cess, based on a numerical scan over the region ⇤X2 <

⇤X1 < 100⇤X2 , MX2 < ⇤c < ⇤X2 . For the ma-
jority of these points, ⇤X1 is within a factor of two
from 10⇤X2 , while ⇤c

<⇠ 3MX2 . The results can
be understood from the competing e↵ects of baryon
asymmetry generation and washout, ��B 6=0/�wo ⇠
M

2
n2(⇤2

X1
⇤2
X2

⇤2
c)

�1
/(n1⇤

�4
X1

+ n2⇤
�4
X2

) ⇠ (M2
/⇤2

c) ·
min

�
⇤2
X2

/⇤2
X1

, ⇤2
X1

/⇤2
X2

e
�(MX2�MX1 )/T

 
, where the

rate of baryon asymmetry generation ��B 6=0 is calcu-
lated from CP -violating X2 decays. First of all, a lower
ratio ⇤c/MX2 is always preferable (within the range of
EFT validity), while the ratio ⇤X2/⇤X1 has an opti-
mal value of ⇠ 1/10 as a result of balancing between
faster baryon asymmetry generation at higher tempera-
tures (which favors higher ⇤X2/⇤X1) and later transition
toX1-dominated washout (which favors lower ⇤X2/⇤X1).
The requirement of su�cient departure from equilibrium
precludes arbitrarily low ⇤c and leads to a minimumMX2

for this scenario to work, which we see from Fig. 3 is a
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Explicit realisation of late decay scenario: 
RPV SUSY with late decays of the bino in presence of a wino/gluino 

[F.Rompineve, 1310.0840] [Y.Cui, 1309.2952] [G.Arcadi, L.Covi, M.Nardecchia, 1507.05584]

nn oscillations can probe direct baryogenesis scenarios @ 105-6 GeV-

Grojean, Shakya, Wells, Zhang ‘18

http://inspirehep.net/record/1676081
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Searching for a p!mor%al blackhole wi&  y'r ce$ #one
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PBHs as DM

Figure 6. Future femtolensing sensitivity to primordial black holes compared to other probes. In
particular, we compare our projected limits (blue dashed contours) to limits based on extragalactic
background photons (EG�) from PBH evaporation [13], from the non-destruction of white dwarfs
(WD) [18], from microlensing searches by Subaru HSC [4], Kepler [57], MACHO [1], EROS [2], and
OGLE [3], from the dynamics of ultra-faint dwarf galaxies [58], and from CMB distortions due to
accretion onto PBHs [59]. (Stronger CMB limits are obtained if more aggressive assumptions on
accretion by PBHs are adopted [60].) The Subaru HSC limits are cut off at M ⇠ 10�11

M� because
below that mass, the geometric optics approximation employed in ref. [4] is not valid. We also do
not include neutron star limits [15] because of their dependence on controversial assumptions about
the DM density in globular clusters. We have taken the limits shown here from the compilation in
ref. [36]. In computing our projected limits, we have assumed the redshift of all GRBs in the sample
to be zS = 1, we have used the BAND model for the GRB spectrum, and we have assumed a 5%
systematic uncertainty, uncorrelated between energy bins.

is not true that photons travel from the source to the detector along one of just two discrete
paths. In fact, when the time delay becomes comparable to the inverse photon frequency
(which for point-like lenses is equivalent to the photon wave length becoming comparable
to the Schwarzschild radius of the lens), wave optics effects become non-negligible. It is
then necessary to integrate the photon amplitude over the whole lens plane. This leads to
O(1) corrections to the interference pattern at the lower end of the photon energy spectrum.
Second, while the approximation of a point-like lens works for primordial black holes, it is
not satisfied for ultra-compact mini-halos, and even less so for NFW-like structures. We
have therefore computed femtolensing effects for generic power-law density profiles, and have
explicitly shown numerical results for the self-similar infall profile with ⇢(r) / r

�9/4.
The most important correction in femtolensing of GRBs is coming from the non-negligible

size aS of the GRB source itself. In fact, we have argued that a GRB could only be treated
as point-like for the purpose of femtolensing if the photon emission region was smaller than
aS ⇠ 108 cm. And while estimates for the size of the emission region can vary by a few

– 18 –

MPBH > 10�17M�tevaporation > 1064
✓
MBH

M�

◆3

year

Katz+ 1807.11495

https://arxiv.org/pdf/1807.11495.pdf
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PBH abundance

How can we detect such PBHs living in the Solar system?

Production of PBH is still subject to research and debates  
(gravitational collapse of large over-densities during inflation? 

Topological defects?…)

⇢DM ⇠ 0.3GeV/cm3 ⇠ 10�15M�/VSolar system

So, if 

we expect a few in the Solar system

MPBH ⇠ 10�16M�, i.e., RSch ⇠ 10�13 cm
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A PBH orbiting around Earth
Is there a black moon around Earth and interacting only gravitationally?

A black moon between the Earth and the Moon  will induce a 
variation of the distance Earth-Moon, this distance is 

measured with an accuracy of 1mm (10-11 relative accuracy), 
even though there is large theoretical uncertainty.

Grojean, Panico, Ruderman et al, in progress

�d��� =
d��PBHMPBH

M�

1mm =
1000 km⇥ 10�16M�

M�

numerically

http://inspirehep.net/record/1676081


Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!129

A PBH orbiting around Earth
Is there a black moon around Earth and interacting only gravitationally?

A black moon between the Earth and the Moon  will induce a 
variation of the distance Earth-Moon, this distance is 

measured with an accuracy of 1mm (10-11 relative accuracy), 
even though there is large theoretical uncertainty.
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Grojean, Panico, Ruderman et al, in progress

Can also use GPS measurements…

Looking for a black moon with your cell-phone?

http://inspirehep.net/record/1676081
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Time to wrap up…



Experimentalists haven’t found (yet) 
what theorists told them they will find

Executive summary on status of BSM

There are rich opportunities 
for mind-boggling signatures 

@ colliders and beyond

BAD NEWS  

GOOD NEWS  
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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 

!132

Conclusion
Once upon a time… Columbus had a great proposal: “reaching India by sailing to the West”
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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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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” J. Mnich

“you need the right technology to beat your competitors” J. Fuster
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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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Breaking the HEP frontiers

* no BSM major discovery  without a thorough understanding  of SM background

new machines much wanted to 
~~ open new horizons beyond LHC ~~

no lack of theoretical motivations
& plenty of physics issues outside the SM frame

from deep QFT questions ~~ to pressing phenomenological puzzles

* challenge: control theoretical uncertainty to the level of experimental sensitivity

* complementarity and synergy of electron and hadron machines

finite lifetime 
(and awareness of it)

~~ 2 human characteristics to balance ~~
When thinking about any future big projects:

capacity of dreaming



Particle Physics is Exciting

Final Homework: 
imagine what the current US president could say about science and HEP

B. Clinton, Davos 2011

ippog.web.cern.ch/resources/2011/bill-clinton-davos-2011

http://ippog.web.cern.ch/resources/2011/bill-clinton-davos-2011
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Thank you for your attention. 
Good luck for your future career! 

And thanks a lot to the organisers for 
setting up this nice event! 

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

