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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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Outline

 Monday
General introduction
Higgs physics as a door to BSM

 Tuesday 
Naturalness
Supersymmetry

 Wednesday
Grand unification, proton decay
Composite Higgs
Probing light new force with atomic physics

 Thursday
Extra dimensions
Cosmological relaxation
Quantum gravity
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Grand Unified $eory
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Evolution of coupling constants

Classical physics: the forces depend on distances

Quantum physics : the charges depend on distances

QED: virtual particles screen 
    the electric charge: α    when d 

QCD: virtual particles (quarks and 
*gluons*) screen the strong charge:        
                αs      when d 

‘asymptotic freedom’
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A single form of matter
A single fundamental interaction

Grand Unified Theories
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SU(5) GUT: Gauge Group Structure
SU(3)cxSU(2)LxU(1)Y: SM Matter Content 

QL =

�
uL

dL

⇥
= (3, 2)1/6, uc

R = (3̄, 1)�2/3, dcR = (3̄, 1)1/3, L =

�
�L

eL

⇥
= (1, 2)�1/2, ecR = (1, 1)1
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SU(3)cxSU(2)LxU(1)Y ⊂ SU(5) 
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How can you ever remember all these numbers?
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SU(5) GUT: Gauge Group Structure
SU(3)cxSU(2)LxU(1)Y: SM Matter Content 
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How can you ever remember all these numbers?

the SM matter fits nicely into 

representations of SU(5),

 even more nicely into SO(10)

unification baryon-lepton
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SU(5) GUT: SM β fcts

27 

g, g’ and gs are different but it is a low energy artifact!
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SU(5) GUT: low energy consistency condition
1

�i(MZ)
=

1

�GUT
� bi

4⇥
ln

M2
GUT

M2
Z

i = SU(3), SU(2), U(1)

�3(MZ),�2(MZ),�1(MZ)

b3, b2, b1

experimental inputs

predicted by the matter content

(�GUT ,MGUT )3 equations & 2 unknowns

one consistency relation for unification

71

⇥ijk
bj � bk
�i(MZ)

= 0 sin2 ⇥W =
3(b3 � b2)

8b3 � 3b2 � 5b1
+

5(b2 � b1)

8b3 � 3b2 � 5b1

�em(MZ)

�s(MZ)

�em(MZ) ⇥
1

128
�s(MZ) ⇥ 0.1184± 0.0007

sin2 �W � 0.207 not so bad...
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SU(5) GUT: low energy consistency condition
1
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predicted by the matter content

(�GUT ,MGUT )3 equations & 2 unknowns

one consistency relation for unification
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⇥
⇥ 7� 1014 GeV

� 41.5

self-consistent computation:  MGUT < MPl safe to neglect quantum gravity effects
 αGUT << 1 perturbative computation
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SU(5) GUT: SM vs MSSM β fcts

chiral superfield vector superfield
complex spin-0
Weyl spin-1/2

in same representation R of gauge group

Weyl spin-1/2
real spin-1

in same representation V of gauge group
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SU(5) GUT: MSSM GUT

b3 = 3, b2 = �1, b1 = �33/5

sin2 ⇥W =
3(b3 � b2)

8b3 � 3b2 � 5b1
+

5(b2 � b1)

8b3 � 3b2 � 5b1

�em(MZ)

�s(MZ)
⇥ 0.23

MGUT = MZ exp

�
2⇥

3�s(MZ)� 8�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)

⇥
⇤ 2⇥ 1016 GeV

��1
GUT =

3b3�s(MZ)� (5b1 + 3b2)�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)
⇥ 24.3

low-energy consistency relation for unification

GUT scale predictions

squarks and sleptons form complete SU(5) reps ➙ they don’t improve unification!
gauginos and higgsinos are improving the unification of gauge couplings
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Proton Decay

938.2720813(58) MeV

why is the proton stable?
electric charge conservation?
baryon number conservation?

8 

Shocking news from GUT: matter is unstable! 

q 

q 

q q 
q 

l 

nucleon 
meson 

lepton MX 

GUT:  τ p(p→ e+π 0 ) = MX

1015 GeV
"

#
$

%

&
'

4

1031−32  yr

Exp:  τ p(p→ e+π 0 )> 8.2×1033  yr

in GUT, “matter” is unstable
decay of proton mediated by 

new SU(5)/SO(10) gauge 
bosons

(G. Giudice SSLP’15)

other decay mode:

Michal Malinsky, IPNP Prague Portorož,  April 21 2017Uncertainties in proton lifetime estimates /many
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SU(5)
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[1] Georgi, Quinn, Weinberg, PRL 33, 451 (1974)
[2] Dorsner, Fileviez Perez, NPB 723, 53 (2005) 
[3] Dorsner, Fileviez Perez, Rodrigo, PRD75, 125007 (2007)
[4] Dorsner, Fileviez Perez, PLB 642, 248 (2006)

[5] Lee, Mohapatra, Parida, Rani, PRD 51 (1995)
[6] Pati, hep-ph/0507307
[7] Murayama, Pierce, PRD 65. 055009 (2002)
[8] Dutta, Mimura, Mohapatra, PRL 94, 091804 (2005)
... and many more.

Sample of estimates

vi Baryon Number Violation

Figure 1-1. Evolution of the three gauge couplings ↵i with momentum Q: Standard Model (left panel)
and Minimal Supersymmetric Standard Model (right panel)

Y gauge boson that mediate proton decay, increase significantly with low energy SUSY (see right panel of
Fig. 1-1) [40].

Supersymmetric grand unified theories (SUSY GUTs) [41, 42, 43, 44, 45, 46, 47] are natural extensions
of the Standard Model that preserve the attractive features of GUTs noted above, such as quantization of
electric charge, and lead to reasonably precise unification of the three gauge couplings. They also explain the
existence of the weak scale, which is much smaller than the GUT scale, and provide a dark matter candidate
in the form of the lightest SUSY particle. Low energy SUSY brings in a new twist to proton decay, however,
as it predicts a new decay mode p ! ⌫K+ that would be mediated by the colored Higgsino [48],[49], the
GUT/SUSY partner of the Higgs doublets (see Fig. 1-2, right panel). The lifetime for this mode in minimal
renormalizable SUSY SU(5) is typically shorter than the current experimental lower limit quoted in Eq.
(1.1), provided that the SUSY particle masses are less than about 3 TeV, so that they are within reach of
the LHC. This is, however, not the case in fully realistic SUSY SU(5) models, as shall be explained below.

p 

e+ 

0 

�

u

u

�

d

s 

u

�

�

�

˜ �

˜ t 

Figure 1-2. Diagrams inducing proton decay in GUTs. p ! e+⇡0 mediated by X gauge boson (left) in
non-SUSY and SUSY GUTs, and p ! ⌫K+ generated by a d = 5 operator in SUSY GUTs. (right).

In order to evaluate the lifetimes for the p ! ⌫K+ and p ! e+⇡0 decay modes in SUSY SU(5) [50], a
symmetry breaking sector and a consistent Yukawa coupling sector must be specified. In SU(5), one family
of quarks and leptons is organized as {10 + 5 + 1}, where 10 � {Q, uc, ec}, 5 � {dc, L}, and 1 ⇠ ⌫c. SU(5)
contains 24 gauge bosons, 12 of which are the gluons, W±, Z0 and the photon, while the remaining 12 are the

Community Planning Study: Snowmass 2013
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Composite Higgs Models

75
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Composite Higgs
Light scalars exist in Nature but all the ones observed before the Higgs 

boson discovery were composite bounds states

�/M ⇠ 0.06 is typical of QCD resonances

a0

f

f2

f1 h pa2

f0h1 p1hf1
wf2 a0 rh f0f1f' f2 h1p1a1f2 h2 ww3 p2fr3 ra2f0h pf2f3 h2r f2 f2r3f2 f0a4f4 p2f0f2 rf0fJ hr3f2 f4 f2 r5a6f6K B*B*hScPcP y y yy

US UU L1

L3

L1L1
L3 L1

L1L5L5L3
L L7L7L5L3L9LBS3 SBSB S1SB S1S3SB SBS1S1 S5S3S1 S5 S3S1S7 S5S3S7SSB SBSc Sc

10-3 10-2 10-1 1

1

0.3

3

Widthêmass ratio, GêM

M
as
si
n
G
eV

Composite neutral bosons of QCD

Franceschini et al. ’15

Could the Higgs be a “hadron” of a new strong force? 

Composite Higgs

Composite Higgs scenario:
1. Higgs is hadron of new strong force 
                                  Corrections to       screened above 
                              The Hierarchy Problem is solved 

2. Higgs is a Goldstone Boson, this is why it is light
3. Partial Fermion Compositeness: linear coupling to strong sector

1/lHmH

Higgs Br. Ratios

Higgs Production c    

�
O(v2/f2)�20%

⇥A) Corrections to SM: B) New Non-ren. Couplings:

e.g. Double Hisgg � hh

Indirect effects from sigma-model couplings

Indirect, but “direct” (robust) signature of compositeness

h h

h W± Z

h h

top
h h

At energy above 1/lH, the 
Higgs dissolves, the 

integrals are smoothed out

Z
d4k

(2⇡)4
FH(k)

1

k2 �m2
/ 1/l2H
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Higgs as a bound stateThe R-ratio: comparison to data

Renormalisation group

QCD beta function

Short-distance observables

Comparison of R̂ to experimental data
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Andrea Banfi Lecture 2

The Higgs discovery would be the 
first step of rich physics ahead of us:

 discover a new SU(NC) force 
 access to the fundamental constituents 
 rich spectrum of bound states

But how come we haven’t seen 
anything of these yet?
➾ The Higgs has to be lighter than 
the other bound states
➾ pions are lighter than nucleons, 
hadrons and other mesons

➾ The Higgs has to be lighter than 
the other bound states
➾ pions are lighter than nucleons, 
hadrons and other mesons
➾ let the Higgs be the pions of the 
new strong interaction, i.e., the 
Goldstone boson associated to the 
breaking of some global symmetry

➾ let the Higgs be the pions of the 
new strong interaction, i.e., the 
Goldstone boson associated to the 
breaking of some global symmetry
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The Higgs discovery would be the 
first step of rich physics ahead of us:

 discover a new SU(NC) force 
 access to the fundamental constituents 
 rich spectrum of bound states

But how come we haven’t seen 
anything of these yet?
➾ The Higgs has to be lighter than 
the other bound states
➾ pions are lighter than nucleons, 
hadrons and other mesons

➾ The Higgs has to be lighter than 
the other bound states
➾ pions are lighter than nucleons, 
hadrons and other mesons
➾ let the Higgs be the pions of the 
new strong interaction, i.e., the 
Goldstone boson associated to the 
breaking of some global symmetry

➾ let the Higgs be the pions of the 
new strong interaction, i.e., the 
Goldstone boson associated to the 
breaking of some global symmetry

The Higgs, the lightest of the new strong resonances, 
as pions in QCD: they are Pseudo-Goldstone Bosons (PGB)

�
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TeV
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h
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SU(2)L ⇥ SU(2)R
SU(2)V
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Higgs as a Goldstone boson

SO(4)
SO(3)

W±L & ZL

SM G
H

W±L & ZL & h

BSM

Examples:SO(5)/SO(4): 4 PGBs=W±L, ZL, h
Minimal Composite Higgs Model

Agashe, Contino, Pomarol  ’04SO(6)/SO(5): 5 PGBs=H, a
Next MCHM

SU(4)/Sp(4,�): 5 PGBs=H, s

SO(6)/SO(4)xSO(2): 8 PGBs=H1+H2

Mrazek, Pomarol, Rattazzi, Serra,  Wulzer  ’11

Minimal Composite 
Two Higgs Doublets
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How to probe the compositeness of the Higgs?

q

q

H

H

Rosenbluth-type cross-section 

elementary Higgs

SM Higgs

composite Higgs

q2

Ki
~

anomalous couplings
(accessible @ LHC with 20-40% accuracy)

{
LHC reach ?

Need to develop tools to understand the physics of a composite Higgs
use effective theory approach
rely on symmetries of the problem {identify interesting processes

d⇤

d�
=

�2

16m2
H sin4 ⇥/2

E�

E3

�
2K̃1q

2 sin2 ⇥/2 + K̃2 cos
2 ⇥/2

⇥
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Anomalous Couplings for a Composite Higgs
Giudice, Grojean, Pomarol, Rattazzi ‘07

cH � O(1)L � cH
2f2

�µ
�
|H|2

⇥
�µ

�
|H|2

⇥

H =

�
0

v+h�
2

⇥

L =
1

2

�
1 + cH

v2

f2

⇥
(⇥µh)2 + . . .

Modified 
Higgs propagator

Higgs couplings 
rescaled by ~

1�
1 + cH

v2

f2

⇤ 1� cH
v2

2f2
⇥ 1� �/2

Higgs anomalous coupling: a = √1-ξ≈ 1-ξ/2

� = v2/f2

80

f=compositeness scale of the Higgs boson
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SILH Effective Lagrangian
extra derivative: extra Higgs leg:  

(strongly-interacting light Higgs)

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Goldstone sym.

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale mρ)

cH
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�
�µ |H|2

⇥2 cT
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⇥2 c6�
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i icB
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µ⇥G
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Giudice, Grojean, Pomarol, Rattazzi ‘07
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Higgs anomalous couplings

The Higgs couplings deviates from SM ones (a=b=c=1) 
and the deviations are controlled by  cH and cy

Anomalous couplings  are related to the coset symmetry and not the spectrum of resonances

Composite Higgs 
vs. 

SM Higgs

Goldstone Higgs 
for large f

a=1-v2/2f2  b=1-2 v2/f2

Uniqueness of Goldstone models
 in the SM vicinity

(a single operator at dimension-6 level 
controls the amplitudes)

1
a

1
SM

b

Dilaton
b=a2

� =
v2

f2
=

(weak scale)2

(strong coupling scale)2

Minimal composite Higgs model (MCHM): SO(5)/SO(4)

a =
�

1� � b = 1� 2� b3 = �4

3
�
�
1� � c =

�⇤
1� �,

1� 2�⇥
1� �

⇥
c2 = �(�, 4�)

LEWSB = m2
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µ W+
µ

✓
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h

v
+ b

h2
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◆
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Higgs couplings fit
Composite Higgs

A rough comparison with data: courtesy of R.Torre

Higher order effects, from resonances exchange, should 
be also taken into account

83

Fit of Higgs couplings

Current fit of Higgs couplings to gauge boson and fermions

✦ assumption

✦ bounds
• MCHM4

�
��

��
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68% CL
95% CL
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� Best fit
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• MCHM5

• same coupling to t and b
kb = kt = kF
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The other resonances

2 3 Signal and Background Modeling

ℓ

W

Z

νℓ

ℓ′

ℓ′

q′

q
W∗ ρT

Figure 1: The ⌃TC (and aTC) production in pp collisions at the LHC occurs primarily through
quark annihilation into an intermediate W⇥ boson.

tem is composed of a pixel detector with three barrel layers at radii between 4.4 and 10.2 cm
and a silicon strip tracker with 10 barrel detection layers extending outwards to a radius of
1.1 m. Each system is completed by two end caps, extending the acceptance up to |⇥| < 2.5.
A lead tungstate crystal electromagnetic calorimeter with fine transverse (D⇥, D�) granular-
ity and a brass-scintillator hadronic calorimeter surround the tracking volume and cover the
region |⇥| < 3. The steel return yoke outside the solenoid is in turn instrumented with gas
detectors which are used to identify muons in the range |⇥| < 2.4. The barrel region is covered
by drift tube chambers and the end cap region by cathode strip chambers, each complemented
by resistive plate chambers.

3 Signal and Background Modeling
The signal and background samples have been obtained using detailed Monte Carlo simula-
tions. The Monte Carlo event generator PYTHIA 6.4 [20] has been used for producing the W ⌅ and
⌃TC [21] samples. Fully leptonic decays W ⇤ `⌅ and Z ⇤ `+`� with ` = e, µ are considered
in this analysis. The contribution of the leptonic decays of ⌥’s from W or Z is considered as a
background.

The W ⌅ samples have been generated in steps of 100 GeV ranging from 300 to 900 GeV. For TC,
we concentrate on three LSTC mass points not excluded by other experiments which cover
a phase space region accessible with less than 5 fb�1. These masses along with the pro-
duction cross sections for signal (⌃TC/ aTC) convoluted with the decay branching fractions
to WZ and their subsequent leptonic decays are listed in Table 1. The implementation in
PYTHIA includes both the vector and axial-vector resonances, ⌃TC and aTC respectively, with
M(aTC) = 1.1M(⌃TC). This helps to naturally suppress the electroweak parameter S, since the
first set of vector resonances (⌃TC) and the first set of axial-vector resonances (aTC) are nearly
degenerate. In addition, the TC parameters, MV (for techni-vectors) and MA (for aTC), were set
to be equal to M(⌃TC) and M(�TC), where M(�TC) is the mass of the �TC particle.

The relationship between M(⌃TC) and M(⇧TC) significantly affects the BR(⌃TC ⇤ WZ). If
M(⌃TC) > 2M(⇧TC), the WZ branching ratio is reduced by approximately ten times, while the
WZ branching ratio approaches 100% if M(⌃TC) < M(⇧TC) + MW . For this study we assume
a parameter set used in the Les Houches study [21] (M(⇧TC) =

3
4 M(⌃TC)� 25 GeV) and also

investigate the dependence of the results on the relative values of the ⌃TC and ⇧TC masses.

Some of the background processes have been generated using PYTHIA, while the others have
been generated using the ALPGEN [22], MADGRAPH [23] and POWHEG [24] generators. These
backgrounds can be divided into physics and instrumental. The physics backgrounds include
ZZ production in which one of the leptons is either outside the detector acceptance or mis-

Dominant decays into longitudinal SM gauge bosons

where T± = (⌃1 ± i⌃2)/2.

Furthermore, the SM gauge boson self interactions after the rotation produce the cou-

plings of ⇧ to the electroweak gauge bosons. In particular, the cubic gauge boson vertices

with one ⇧ are given by
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where the dots stand for cyclic permutations of the fields in each vertex.

4.2 Decays

The cubic gauge vertices in Eq. (4.3) induce the dominant decay of ⇧ is into a pair of

longitudinally polarized electroweak gauge bosons. The leading order decay widths can be

computed using the Goldstone boson equivalence theorem,

�(⇧0 ⌃ W+W�) ⌅ �(⇧± ⌃ ZW±) ⌅
m⌅g2⌅⇤⇤
48⌅

=
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In our numerical analysis below we use the full ⇧ ⌃ V V matrix element that also takes into

account decays into transversely polarized gauge bosons. These correct the leading order

widths by ⇤ 50% for m⌅ ⇤ 350 GeV, and by ⇤ 10% for m⌅ ⇤ 1 TeV. In Eq. (4.3) the

charged resonances couple to WZ and not to W�. This is a consequence of our assumption

that the strength of the ⇧3 vertex in the original lagrangian is set by the hidden SU(2) gauge

coupling g⌅. Departure from the gauge coupling, g3⌅ = g⌅ + ⇥, would result in the ⇧W�

vertex suppressed by ⇥g2/g2⌅ which would allow for subleading decays ⇧± ⌃ W±�, as studied

in Ref. [35].

The heavy resonances also decay to the SM fermions via the couplings in Eq. (4.2),

however, these decays are strongly suppressed in the interesting parameter space (for m⌅ ⇧
2mW ). For example, the leptonic branching fractions are given by

Br(⇧± ⌃ e±⇤) ⌅ 2Br(⇧0 ⌃ e+e�) ⌅ 16m4
W

m4
⌅

(4.5)

For m⌅ ⇤ TeV this is already less than 10�3. Conversely, the branching fraction into the

electroweak gauge bosons is practically equal to 1 throughout the interesting parameter

space. Thus, the main discovery channel at the Tevatron and LHC is the search for resonant

production of W+W� and W±Z pairs.
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Suppressed decays to SM quarks and leptons
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coupling g⌅. Departure from the gauge coupling, g3⌅ = g⌅ + ⇥, would result in the ⇧W�

vertex suppressed by ⇥g2/g2⌅ which would allow for subleading decays ⇧± ⌃ W±�, as studied

in Ref. [35].

The heavy resonances also decay to the SM fermions via the couplings in Eq. (4.2),

however, these decays are strongly suppressed in the interesting parameter space (for m⌅ ⇧
2mW ). For example, the leptonic branching fractions are given by
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For m⌅ ⇤ TeV this is already less than 10�3. Conversely, the branching fraction into the

electroweak gauge bosons is practically equal to 1 throughout the interesting parameter

space. Thus, the main discovery channel at the Tevatron and LHC is the search for resonant

production of W+W� and W±Z pairs.
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searches in WW, WZ channels in DY processes
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 1 TeV

500 GeV stops & sbottoms

wino, bino

Higgsinos

1st & 2nd family squarks

gluinos

SUSY MASS SPECTRUM

 3 TeV

Higgs125 GeV Higgs

color fermionic

spin-1 resonances
spin-2 resonances

125 GeV

 1 TeV

500 GeV

 3 TeV

MCHM MASS SPECTRUM

resonances

Fig. 3. Natural expectations for the mass spectrum in supersymmetric models (left) and com-
posite Higgs models (right).

in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum in Composite Higgs Scenarios
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A combination of VV searches

JJ

Jlν Jll

JJ

Jlν

Jll

for the W0 ! WLZL and Gbulk ! WLWL signal hypotheses is found in the mass range to
1.9 < mX < 2.1 TeV, while the excess extends down to mX = 1.8 TeV for the ZLZL sig-
nal hypothesis. In these mass ranges, the ATLAS data prefer a production cross section of
⇡ 10 fb, while the CMS data favour smaller values (⇡ 3 fb) and are more consistent with the
no-signal hypothesis. The maximum-likelihood (ML) combined cross section is essentially
identical to the corresponding ATLAS value. The scan of the profiled likelihood functions
are compared in Figure 10 for mX = 2 TeV, corresponding to the largest signal significance.
Due to the large uncertainties on the signal strength, the best-fit cross-section values by
ATLAS and CMS are compatible within ±1� for W0 ! WLZL and Gbulk ! WLWL. The
compatibility is slightly reduced under the Gbulk ! ZLZL hypothesis.

In conclusion, the mild CMS excess reduce slightly the large ATLAS excess, but the
global significance stays well above 3 � for Gbulk ! WLWL and Gbulk ! ZLZL hypotheses
and close to 3 � for W0 ! WLZL. The preferred mass range for the excess after the
combination is for mX between ⇡ 1.9 and ⇡ 2 TeV.

Figure 7. Full hadronic CMS + ATLAS combined limits (black). The green (yellow) bands
represent the two sigma (one sigma) limits from our fit with the fudge factors. The read and blue
lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-only.
From left to right we show respectively the results for Gbulk ! WLWL, W0 ! WLZL and
Gbulk ! ZLZL selections and signal hypotheses.

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

– 12 –

Figure 8. The p-values from full hadronic CMS + ATLAS combination (black). The green (yellow)
bands represent the two sigma (one sigma) limits from our fit with the fudge factors. The red and
blue lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-
only. We also show the result of the combination without use of the fudge factors in dashed. From

left to right we show respectively the results for Gbulk ! WLWL, W0 ! WLZL and Gbulk ! ZLZL

selections and signal hypotheses.

Figure 9. Best fitted cross section for ATLAS and CMS combination in the VV ! JJ channel,
compared with the best fitted cross section from the individual results for ATLAS-only (red) and
CMS-only (blue). The green (yellow) bands represent the two sigma (one sigma) limits from our fit
with the fudge factors. From left to right we show respectively the results for Gbulk ! WLWL,
W0 ! WLZL and Gbulk ! ZLZL selections and signal hypotheses.
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,
Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,
Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,
Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).

– 22 –

F. Dias et al. http://arxiv.org/abs/1512.03371
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At 8 TeV, some excess in ZW decays (in jets) mostly in ATLAS:
The ATLAS Dijet Diboson excess  
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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• ATLAS reported an excess in the Run I all-jet Diboson search 

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


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


• Global significance evaluated to 2.5� after Look Elsewhere effect
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.
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Spin-1 resonance searches: enhanced by large 
couplings from the 
composite sector

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

Higgs couplings vs searches for vector resonances
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

 Precision Higgs study: 

 Direct searches for resonances:

DY production xs of resonances decreases as 1/gρ2
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ILC and TLEP at
p

s = 500GeV and
p

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

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

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

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

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

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

4 EWPT reassessment

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

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

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

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

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

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

to Ŝ and T̂ as
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(4.1)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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The other resonances

May 17, 2015 9:39 World Scientific Review Volume - 9.75in x 6.5in Future page 12
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Fig. 3. Natural expectations for the mass spectrum in supersymmetric models (left) and com-
posite Higgs models (right).

in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum in Composite Higgs Scenarios
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Fermionic Resonances
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Searching for the top partners

Search in same-sign dilepton events

Pair production
 (model independent)

Fermionic Resonances

The T5/3 and the B can be pair or singly produced

g

g

T5/3/B

T 5/3/B

q

g

q⇥

T5/3/B

W+
L / W�

L

t

t

λ

mass,   [TeV]  
0.6 0.8 1 1.2 1.4 1.6 1.8 2

,  
[fb

]  
  

σ

-110

1

10

210

310
      5/3 T + 

5/3
single : T

 5/3 T
5/3

pair : T

14 TeV

, [TeV]s
6 7 8 9 10 11 12 13 14

(1
4 

Te
V)

 
σ

 ) 
/ 

s
( 

σ

-210

-110

1

 ±W±W

 tt

1/3
single B

1/3
pair B = 1.0 TeV

1/3BM

[Mrazek and Wulzer arXiv:0909.3977]

2���4

Single production
 (model dependent)

T5/3

T̄5/3

W+
W+

l+ � �l+

q
q̄

t

t̄

b

b̄W�

W�

        

















 














Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

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

and M = MT5/3
(M = MB), λ = λT5/3

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

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

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

, MB.

3 Signal and Background Simulation

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

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

5

single prod.
pair prod.

[Contino, Servant ’08]

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

 the resonant (tW) invariant mass can be reconstructed
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Aguilar-Saavedra ’09๏ l± + 4b final state

Aguilar-Saavedra ’09

Azatov et al ’12

Vignaroli ‘12

Searching for the top partners

๏ l± + 6b final state

๏ γγ final state

b

๏ l± + 4b final state

Vector-Like Top Summary  

Vector-like T  
BR Hypothesis 

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

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

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

100% Zt 810 (810) 790 (830) 

100% Ht 950 (885) 770 (840) 

T singlet 800 (755) 740 (800) 

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

arXiv:1509.04177 

ATLAS (*) CMS 

arXiv:1505.04306 

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

Combined limits 

15 

(*) Not a combination. Only most restrictive  
individual bounds shown. 
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bounds on 
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Bounds on top partners
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Figure 7: (a) Observed and expected limit (95% CL) on the coupling of the vector-like quark to the SM W boson
and b-quark as a function of the Q mass, where the BR(T ! Wb) is assumed to be 50%. The excluded region is
given by the area above the solid black line. (b) Observed and expected limit (95% CL) on the mixing of a singlet
vector-like T quark to the SM sector, where the BR(T ! Wb) is assumed to be that of a singlet. The excluded
region is given by the area above the solid black line. The limits are shown compared to the indirect electroweak
constraints from Ref. [19] (green and red line). In addition, the observed limits from pair-production searches by
ATLAS [23] (olive) and CMS [27] (blue) are shown.

approximation is used in the production of the signal samples. To test the validity of the limits shown in
Figure 7, the limits were recalculated for signal samples with �/m values up to 0.46, using the same the-
oretical cross-section prediction. For all masses and �/m the observed limit is found to be more stringent
than, or equal to, the value obtained for the narrow-width approximation. For m(Q) = 0.9 TeV the cross-
section times BR limit decreases by 15% (20%) for �/m = 0.3 (�/m = 0.46) and for m(Q) = 1.2 TeV
the limit decreases by 13% (21%) for �/m = 0.3 (�/m = 0.46). Hence, the limits presented in this paper
constitute a conservative estimate regarding the assumptions about the width of vector-like quarks.

9.2 Interpretation for a vector-like Y quark from a doublet

The limits on cross-section times BR are used to set limits on the couplings cWb
L and cWb

R for a vector-
like Y quark. Using the theoretical cross-section and the general vector-like quark model discussed in

Ref. [21] as well as the BR(Y ! Wb) = 1, a limit on
q

cWb
L

2
+ cWb

R
2 is set. Due to the higher BR of

the vector-like Y quark, this limit as shown in Figure 8(a) is more stringent, by a factor of 1/
p

2, than
the limit on |cWb

L | for single T production. The cross-section limit is also translated into a limit on the
mixing parameter | sin ✓R| in a (Y, B) doublet model. This is done as a function of the Y mass as discussed
in Ref. [19]. Figure 8(b) shows the resulting limit on | sin ✓R| for the (Y, B) doublet as a function of m(Y),
including also the limit on | sin ✓R| for a (Y, B) doublet model from electroweak precision observables
taken from Ref. [19].
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Figure 5: The expected and observed limits on the scaling factors |cbW
L | (left) and |ctZ

R | (right)
of the Simplest Simplified Model of Ref. [21, 22], which predict the existence of a left and right
handed coupling for a singlet and double T quark, respectively. The left (right) plots are for a
singlet (doublet) T quark.

Table 4: The observed and expected 95% CL upper limits on the cross sections times the branch-
ing ratio s(pp ! Tbq) B(T ! tH) and s(pp ! Ttq) B(T ! tH), for different masses of the T
quark.

Mass (GeV)
pp ! Tbq (LH) pp ! Tbq (RH) pp ! Ttq (LH) pp ! Ttq (RH)

Limits in pb
Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

1000 0.93 1.36 0.66 0.96 0.40 0.57 0.37 0.57
1100 0.44 0.60 0.42 0.59 0.35 0.48 0.31 0.45
1200 0.47 0.41 0.38 0.32 0.42 0.44 0.42 0.44
1300 0.44 0.35 0.35 0.28 0.45 0.37 0.44 0.35
1400 0.37 0.32 0.32 0.26 0.44 0.39 0.44 0.39
1500 0.39 0.33 0.38 0.31 0.47 0.28 0.38 0.25
1700 0.52 0.24 0.46 0.20 0.51 0.19 0.51 0.20
1800 0.51 0.23 0.39 0.19 0.49 0.20 0.44 0.18

CL upper limits on s B(T ! tH) are set varying between 0.31 � 0.93 pb for T quark masses
ranging from 1000 GeV to 1800 GeV in the pp ! Tbq and pp ! Ttq production channels with
left and right handed couplings to the SM third generation quarks.
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Top partners in Composite Higgs models
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Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

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

and M = MT5/3
(M = MB), λ = λT5/3

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

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

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

, MB.

3 Signal and Background Simulation

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

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

5

single prod.
pair prod.

[Contino, Servant ’08]

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

 the resonant (tW) invariant mass can be reconstructed

g

g

g

5/3
X

5/3
X

+W

t

−W

t

 mass [GeV]5/3X
700 800 900 1000 1100 1200 1300 1400 1500

) [
pb

] -
 R

H
5/

3
X

5/
3

(X
σ

2−10

1−10

1

 (13 TeV)-1CMS Preliminary, 35.9 fb5/3
Right Handed X

95% CL observed 95% CL expected

 1 s.d expected±  2 s.d expected±

 Signal Cross Section5/3X

33

vector-like quarks NEW

heavy top quark with 
charge 5/3:
• decay to tW
• same-sign di-lepton signature

strongest X5/3 limits to date

 (GeV)lep
TH

0 500 1000 1500 2000 2500 3000

 / 
12

0 
G

eV
Ev

en
ts

N

2−10

1−10

1

10

210

310

410
Di/Tri-Boson
TT + X
ChargeMisID
NonPrompt

5/3RH 1.0 TeV X
5/3LH 1.0 TeV X

Data

CMS Preliminary  (13 TeV)-135.9 fb

All Channels

 (GeV)lep
TH

0 500 1000 1500 2000 2500 3000

σ
(o

bs
-b

kg
)

2−
0
2

[CMS-PAS-B2G-16-019]

Moriond’17 bound: 1160 GeV

2017: 1160GeV

Vector-Like Top Summary  

Vector-like T  
BR Hypothesis 

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

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

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

100% Zt 810 (810) 790 (830) 

100% Ht 950 (885) 770 (840) 

T singlet 800 (755) 740 (800) 

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

arXiv:1509.04177 

ATLAS (*) CMS 

arXiv:1505.04306 

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

Combined limits 

15 

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

89

Searching for the top partners
1505.04306 1509.04177

bounds on 
charge 2/3 states

from pair production

bounds on 
charge 2/3 states

from single production

Bounds on top partners

Bounds on charge 2/3 states from single production

) [TeV]T(m
0.6 0.8 1 1.2

W
b

Lc

0.2
0.4
0.6
0.8

1
1.2
1.4

1.6
1.8

2

95% CL Exclusion Limits

Observed
Expected

ATLAS
-1 = 8 TeV, 20.3 fbs

(a)

) [TeV]T(m
0.6 0.8 1 1.2

| L
θ

|s
in

 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Observed ATLAS (Pair prod.) 
Expected CMS (Pair prod.) 

   bRInd. from Ind. from T,S

ATLAS
-1 = 8 TeV, 20.3 fbs

95% CL Exclusion Limits

(b)

Figure 7: (a) Observed and expected limit (95% CL) on the coupling of the vector-like quark to the SM W boson
and b-quark as a function of the Q mass, where the BR(T ! Wb) is assumed to be 50%. The excluded region is
given by the area above the solid black line. (b) Observed and expected limit (95% CL) on the mixing of a singlet
vector-like T quark to the SM sector, where the BR(T ! Wb) is assumed to be that of a singlet. The excluded
region is given by the area above the solid black line. The limits are shown compared to the indirect electroweak
constraints from Ref. [19] (green and red line). In addition, the observed limits from pair-production searches by
ATLAS [23] (olive) and CMS [27] (blue) are shown.

approximation is used in the production of the signal samples. To test the validity of the limits shown in
Figure 7, the limits were recalculated for signal samples with �/m values up to 0.46, using the same the-
oretical cross-section prediction. For all masses and �/m the observed limit is found to be more stringent
than, or equal to, the value obtained for the narrow-width approximation. For m(Q) = 0.9 TeV the cross-
section times BR limit decreases by 15% (20%) for �/m = 0.3 (�/m = 0.46) and for m(Q) = 1.2 TeV
the limit decreases by 13% (21%) for �/m = 0.3 (�/m = 0.46). Hence, the limits presented in this paper
constitute a conservative estimate regarding the assumptions about the width of vector-like quarks.

9.2 Interpretation for a vector-like Y quark from a doublet

The limits on cross-section times BR are used to set limits on the couplings cWb
L and cWb

R for a vector-
like Y quark. Using the theoretical cross-section and the general vector-like quark model discussed in

Ref. [21] as well as the BR(Y ! Wb) = 1, a limit on
q

cWb
L

2
+ cWb

R
2 is set. Due to the higher BR of

the vector-like Y quark, this limit as shown in Figure 8(a) is more stringent, by a factor of 1/
p

2, than
the limit on |cWb

L | for single T production. The cross-section limit is also translated into a limit on the
mixing parameter | sin ✓R| in a (Y, B) doublet model. This is done as a function of the Y mass as discussed
in Ref. [19]. Figure 8(b) shows the resulting limit on | sin ✓R| for the (Y, B) doublet as a function of m(Y),
including also the limit on | sin ✓R| for a (Y, B) doublet model from electroweak precision observables
taken from Ref. [19].
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Figure 5: The expected and observed limits on the scaling factors |cbW
L | (left) and |ctZ

R | (right)
of the Simplest Simplified Model of Ref. [21, 22], which predict the existence of a left and right
handed coupling for a singlet and double T quark, respectively. The left (right) plots are for a
singlet (doublet) T quark.

Table 4: The observed and expected 95% CL upper limits on the cross sections times the branch-
ing ratio s(pp ! Tbq) B(T ! tH) and s(pp ! Ttq) B(T ! tH), for different masses of the T
quark.

Mass (GeV)
pp ! Tbq (LH) pp ! Tbq (RH) pp ! Ttq (LH) pp ! Ttq (RH)

Limits in pb
Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

1000 0.93 1.36 0.66 0.96 0.40 0.57 0.37 0.57
1100 0.44 0.60 0.42 0.59 0.35 0.48 0.31 0.45
1200 0.47 0.41 0.38 0.32 0.42 0.44 0.42 0.44
1300 0.44 0.35 0.35 0.28 0.45 0.37 0.44 0.35
1400 0.37 0.32 0.32 0.26 0.44 0.39 0.44 0.39
1500 0.39 0.33 0.38 0.31 0.47 0.28 0.38 0.25
1700 0.52 0.24 0.46 0.20 0.51 0.19 0.51 0.20
1800 0.51 0.23 0.39 0.19 0.49 0.20 0.44 0.18

CL upper limits on s B(T ! tH) are set varying between 0.31 � 0.93 pb for T quark masses
ranging from 1000 GeV to 1800 GeV in the pp ! Tbq and pp ! Ttq production channels with
left and right handed couplings to the SM third generation quarks.
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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)

Not all transitions can be used (yet) for BSM
  frequency shifts O(1-100 Hz) over frequencies O(1THz): still a sensitivity O(10-6:-9) 

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

(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,
ySMn,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 Z0 bo-
son contributes to the electron-nucleus potential at short-
distance as

Vweak(r) = �8GFm
2
Z0p

2

gegA
4⇡

e�rmZ0

r
, (5)

where ge and gA are the vector couplings of the Z0

boson to the electron and the nucleus, respectively;
their tree level SM values are gSMe = �1/4 + s2W and
gSMA = QSM

W /4. QSM
W = �(A � Z) + Z(1 � 4s2W ) is

the tree level SM value of the nuclear weak charge and
s2W ' 0.23 is the sine of the weak mixing angle squared.
While the electron Z0 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 Z0

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,

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

(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
Zp

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 Z0. The
tree-level SM values are QSM

W = �(A�Z) +Z(1� 4s2W ),
gSMeV = �1/4 + s2W and gSMeA = 1/4, where s2W ' 0.23 is
the sine of the weak mixing angle squared. While the
electron Z0 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 Z0 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

�EHiggs
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 ! n0, l0 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�4cg ,
yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4cg ,

(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,
ySMn,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 Z0 bo-
son contributes to the electron-nucleus potential at short-
distance as

Vweak(r) = �8GFm
2
Z0p
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gegA
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, (5)

where ge and gA are the vector couplings of the Z0

boson to the electron and the nucleus, respectively;
their tree level SM values are gSMe = �1/4 + s2W and
gSMA = QSM

W /4. QSM
W = �(A � Z) + Z(1 � 4s2W ) is

the tree level SM value of the nuclear weak charge and
s2W ' 0.23 is the sine of the weak mixing angle squared.
While the electron Z0 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 Z0

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,

�EHiggs
nlm = hnlm|VHiggs|nlmi ' � yeyA

4⇡m2
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| (0)|2 �l,0
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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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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�4cg ,
yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4cg ,

(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
Zp
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where QW is the nuclear weak charge and geV (geA) is the
vector (axial-vector) electron coupling to the Z0. The
tree-level SM values are QSM

W = �(A�Z) +Z(1� 4s2W ),
gSMeV = �1/4 + s2W and gSMeA = 1/4, where s2W ' 0.23 is
the sine of the weak mixing angle squared. While the
electron Z0 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 Z0 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

�EHiggs
nlm = hnlm|VHiggs|nlmi ' � yeyA

4⇡m2
h

| (0)|2 �l,0
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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-
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 ! n0, l0 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�4cg ,
yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4cg ,

(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,
ySMn,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 Z0 bo-
son contributes to the electron-nucleus potential at short-
distance as

Vweak(r) = �8GFm
2
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, (5)

where ge and gA are the vector couplings of the Z0

boson to the electron and the nucleus, respectively;
their tree level SM values are gSMe = �1/4 + s2W and
gSMA = QSM

W /4. QSM
W = �(A � Z) + Z(1 � 4s2W ) is

the tree level SM value of the nuclear weak charge and
s2W ' 0.23 is the sine of the weak mixing angle squared.
While the electron Z0 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 Z0

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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nlm = hnlm|VHiggs|nlmi ' � yeyA
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where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-
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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�4cg ,
yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4cg ,

(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
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where QW is the nuclear weak charge and geV (geA) is the
vector (axial-vector) electron coupling to the Z0. The
tree-level SM values are QSM

W = �(A�Z) +Z(1� 4s2W ),
gSMeV = �1/4 + s2W and gSMeA = 1/4, where s2W ' 0.23 is
the sine of the weak mixing angle squared. While the
electron Z0 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 Z0 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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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 ! n0, l0 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
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. (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�4cg ,
yp ' 11yu + 6.5yd + 0.75ys + 2.6⇥ 10�4cg ,

(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,
ySMn,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 Z0 bo-
son contributes to the electron-nucleus potential at short-
distance as

Vweak(r) = �8GFm
2
Z0p

2

gegA
4⇡

e�rmZ0

r
, (5)

where ge and gA are the vector couplings of the Z0

boson to the electron and the nucleus, respectively;
their tree level SM values are gSMe = �1/4 + s2W and
gSMA = QSM

W /4. QSM
W = �(A � Z) + Z(1 � 4s2W ) is

the tree level SM value of the nuclear weak charge and
s2W ' 0.23 is the sine of the weak mixing angle squared.
While the electron Z0 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 Z0

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,

�EHiggs
nlm = hnlm|VHiggs|nlmi ' � yeyA

4⇡m2
h

| (0)|2 �l,0
n3

, (6)

where the ket |nlmi is a solution of the Schödinger equa-
tion for the unperturbed Coulomb potential, while n � 1
and 0  l  n � 1 (�l  m  l) are, respectively,
the principal and angular momentum quantum num-

(talk  by M. Yamanaka -> we might underestimating by factor of ~5 
due to non relativistic treatment) 
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gegA
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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
A0 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 ⌘ ⌫Ai � ⌫A
0

i = Ki µAA0 + Fi�hr2iAA0 , (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�⌫iAA0 ⌘
�⌫iAA0/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�⌫2AA0 = 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

�⌫iAA0 = Ki µAA0 + Fi�hr2iAA0 +Hi(A�A0) , (11)

with Hi ⌘ 2.7 ⇥ 102 Hz (1 + ne)2ZI ll
0

nn0(yeyn � 2.6 ⇥
10�3qnW ) where qnW is the weak nuclear charge per neu-
tron. In the SM, qnW = �1 at tree level. The King
relation in Eq. (10) is in turn modified as

m�⌫2AA0 = F21m�⌫
1
AA0 +K21 �AA0H21 , (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�⌫iAA0 are linear functions of
A0. 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�⌫iAA0 is straightforward to
check directly from data, once available, we note that
theory estimates strongly disfavour linear scaling of
m�⌫iAA0 with A0. 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 qnW , 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,

HYb+

21

Hz amu
⇡ 0.9

�
3.8⇥ 102yeyn � qnW

�
(1� F21) . (13)

The weak e↵ect is expected at the Hz-level, while the
Higgs force could appear slightly below 1Hz under cur-
rent constraints. Hence, given sub-Hz precision on the
IS measurement, a non-linear behavior on the King plot
is expected. The resulting sensitivity on the Higgs cou-
plings can be estimated as follows. First of all, we assume
that the weak contribution is subtracted fromm�⌫’s with
su�cient accuracy, and that a King plot constructed from

2 We leave this study for future works [37].
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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
A0 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 ⌘ ⌫Ai � ⌫A
0

i = Ki µAA0 + Fi�hr2iAA0 , (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�⌫iAA0 ⌘
�⌫iAA0/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�⌫2AA0 = 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

�⌫iAA0 = Ki µAA0 + Fi�hr2iAA0 +Hi(A�A0) , (11)

with Hi ⌘ 2.7 ⇥ 102 Hz (1 + ne)2ZI ll
0

nn0(yeyn � 2.6 ⇥
10�3qnW ) where qnW is the weak nuclear charge per neu-
tron. In the SM, qnW = �1 at tree level. The King
relation in Eq. (10) is in turn modified as

m�⌫2AA0 = F21m�⌫
1
AA0 +K21 �AA0H21 , (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�⌫iAA0 are linear functions of
A0. 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�⌫iAA0 is straightforward to
check directly from data, once available, we note that
theory estimates strongly disfavour linear scaling of
m�⌫iAA0 with A0. 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 qnW , 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,

HYb+
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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].
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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
0gA;A0 ,

where gA;A0 ¼ ð1=mA − 1=mA0Þ−1, for one of the two
transitions. A straight line fit to the three data points
provides linear combinations of the field and mass shift
constants for the two transitions. An important result from
this fit is that there is no evidence for a deviation from a
straight line, confirming that (2) is a good parametrization
of the isotope shift even at the high experimental accuracy
of the measurements presented here.

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

gA;A
0
,

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

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

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

Parameter Previous This work Theory

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

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

427d

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

92b

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

δhr2i42;40 0.210(7) 0.210(7) 0.2160(49)
δhr2i44;40 0.290(9) 0.290(9) 0.2824(65)
δhr2i48;40 −0.005ð6Þ −0.005ð6Þ −0.0045ð60Þ
aMårtensson-Pendrill et al. [10].
bSafronova and Johnson [32].
cNörtershäuser et al. [11].
dThis work, based on the methods in [33].
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I. VISUALIZING THE VECTOR SPACE

In the main text we define the following vectors in the A0 vector space

�!m⌫i ⌘
⇣
m⌫

AA0
1

i , m⌫
AA0

2
i , m⌫

AA0
3

i

⌘
, (S1)

����!
m�hr2i ⌘ �hr2iAA0

1
/µAA0

1
, hr2iAA0

2
/µAA0

2
, hr2iAA0

3
/µAA0

3

�
, (S2)

�!mµ ⌘ (1, 1, 1) . (S3)

As long as �!m⌫
1,2 are spanned by �!mµ and

����!
m�hr2i, 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, ↵
NP

Xi
~h, may lift the IS vectors from the (�!mµ,

����!
m�hr2i) plane, resulting in a nonlinear King plot. Fig. S2

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