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Dear participant, 
 
You will attend the Higgs Hunting conference that will be held from July 29 to July 31st, 2019. 
Please find hereafter a reminder of the practical information : 
 
MEETING : 
 
The registration desk will open : 
on July 29 at 9 a.m, 1.30 p.m. (after lunch), 3.45 p.m. (coffee break) 
on July 30 at 8.30 a.m., 11.20 a.m.(coffee break), 2.35 p.m. (after lunch) 
 
Please take into account the above schedule to collect your badge or for any issue. 
Be sure to wear your badge as this identifies you as a participant in the conference. 
 
Cash or credit card payments are not accepted upon your arrival. It has to be done online before your 
arrival. 
 
The meeting rooms (Auditorium P.Lehmann and Salle Bleue) will be in building 200 and 
available on Monday 29th. The Auditorium being the main conference room. 
Please note that all the coffee breaks will take place at the "Cafeteria", next to the welcome desk 
and the Auditorium. 
You will be able to use your PC and connect to the WIFI. 
 
The conference will be held in Paris (LPNHE Jussieu – Amphitheatre Charpak) from 30 to 31 
July 2019. 
 
Speakers and chairs who have to upload transparencies need to get a LAL indico account  
(  https://indico.lal.in2p3.fr/event/5201/ ) 
 
LUNCHES : 
 
A buffet lunch will be proposed for the three days in Paris. 
 
WELCOME DRINK & BUFFETS : 
 
You are cordially invited to the welcome drink (Orsay) on Monday, July 29 at 7.00 p.m., after 
the working day, and to the « Summer buffet dinner» in Paris on Tuesday, July 30 at 7.15 
p.m. (Tour Zamansky – on the 24th floor, for a unique panoramic view of Paris). 
 
We are pleased to welcome you in Orsay and we wish you a very good stay. 
 
We hope that your participation in the conference will be an opportunity to share outstanding 
information. 
 
The local Organizing Committee 
	



Outline

 Intro Higgs physics @ 21st century: the (relaxion) log crisis/opportunity.  

 Why accelerators & colliders are important ? 

 Ultra light DM & oscillating Higgs VEV - the precision front. 

 Probing Higgs-strange couplings. 

  Conclusions.
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Prologue: ex. the axion’s log crisis

Axion or axion-like particles (ALPs) are well motivated fields. 

However, challenging to find, ALP mass is protected & its scale is undetermined. 

Required searches across scales & frontier => The well known axion’s log crisis:

See eg: A European Strategy Towards Finding Axions and Other WISPs 

Desch, Döbrich, Irastorza, Jaeckel, Lindner, Majorovits & Ringwald

the discs [46].
The Magnetized Disc and Mirror Axion Experiment (MADMAX) collaboration is following this

approach. Its goal is to detect dark matter axions in the mass range between 40 and 400 µeV as predicted
by most models describing the post inflationary PQ symmetry breaking scenario. The experiment will
consist of three main parts: The magnet, the booster (mirror and 80 adjustable discs) and the receiver.
It has been shown in earlier measurements that the receiver technology to detect 10�23W power within
one week is available for the mass range up to ⇡100µeV. For higher axion masses further R&D will
be necessary. R&D regarding the booster is presently focusing on designing a system able to adjust the
discs with the required precision and in obtaining discs with the needed size and low enough dielectric
loss. Presently a magnet design study is ongoing. It revealed that it is feasible to build the required dipole
magnet with ⇡1.3m aperture and ⇡9 T B-field using NbTi as superconductor. DESY has offered to host
the MADMAX experiment.

5.3 Other haloscope approaches
Not exhaustively, other recently proposed detection methods include the use of LC circuits inside mag-
netic fields to generate the resonance (ABRACADABRA [40], DM-radio [41], or the search for DM-
induced spin precession in magnetized samples (CASPER [42], QUAX [43]), both with promise to
achieve good sensitivity at much lower masses that the conventional haloscopes, and the latter invoking
the interaction of the axions with electrons or nuclei, instead of ga� . In addition, the effect of the DM
axion field in atomic transitions (AXIOMA) [44] could lead to observable effects at much larger ma than
previous techniques. All these concepts still require substantial demonstrative R&D in small test setups.
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Fig. 1: Overview of the relevant ALP parameter space as well the experiments exploring it in the near future
(the two panels show a 5 and 15 year timescale, respectively). For an explanation of the shaded regions see for
example [2, 15].)

6 Readiness and technological developments
6.1 ALP-photon couplings
The technological requirements and developments to probe the ALP-photon coupling has recently also
been investigated in a working group in the ‘physics beyond collider context’ [47]. The goal of this work-
ing group was primarily to facilitate exchange of technology between CERN and experiments possibly
located outside CERN with respect to technology, the report can be found in [48]. Key requirements are

1. photon detection: This can e.g. concern single photon detection for eV-scale photons in LSW,
detection of keV photons in Helioscopes as well sensitive E-field measurements in microwave
resonators.
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ATLAS and CMS have a comprehensive program of 
searches for new physics decaying to 3rd gen. particles 
Results are starting to become available with the full 
Run 2 dataset

Summary and Outlook
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No significant 
excess has been 

observed yet.

New Physics?

Higgs & new physics
For > 40 yrs Higgs served us as anchor to determine the new phys. (NP) scale.

Naturalness <=> TeV NP
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NP searches according to leading paradigm, driven by E-frontier

LHCP19: Suarez on behalf of the ATLAS & CMS 
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No significant deviation from the standard model 
is observed with early Run 2 data 

Both inclusive and dedicated searches sensitive 
to 3rd generation squark production

Run 2 Stop Searches
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on linear scale:



Higgs @ 21st century => crisis & opportunity
 New ideas & null LHC results cast tiny doubt on this paradigm. 

eg: “Cosmic attractors”, “dynamical relaxation”, “N-naturalness”, “relating the weak-scale to the CC” & “inflating the Weak scale”. 

Bottomline here: relaxion is ALP that (due to CP violation) can be described as scalar 

mixes \w the Higgs. Flacke, Frugiuele, Fuchs, Gupta & GP; Choi & Im (16)
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Graham, Kaplan & Rajendran (15)

 New scalar common to all of above: concretely let us consider the relaxion:                 

under some assumption allows for a concrete QFT realisation.



Relaxion mechanism (inflation based)
Graham, Kaplan & Rajendran (15)
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Coherent relaxion dark matter

Abhishek Banerjee, Hyungjin Kim, and Gilad Perez

Department of Particle Physics and Astrophysics,

Weizmann Institute of Science, Rehovot, Israel 7610001

We show that relaxion, that addresses the hierarchy problem, can account for the observed dark

matter (DM) relic density. The setup is similar to the case of axion DM
models topped with

a dynamical misalignment mechanism. After the reheating, when the temperature is well above

the electroweak scale, the backreaction potential disappears and the relaxion is displaced from its

vacuum. When the “wiggles” reappear the relaxion coherently oscillates around its minimum as in

the case of vanilla axion DM
models. We identify the parameter space such that the relaxion is

retrapped leading to the standard cosmology. When the relaxion is lighter than 10 �4
eV, Hubble

friction during radiation-domination is su�ciently strong for retrapping, and even minimal models

are found to be viable. It also leads to a new constraint on relaxion models, as a sizable region of their

parameter space could lead to overabundant relaxion DM. Alternatively, even a larger parameter

space exists when additional friction is obtained by particle production from additional coupling to

an additional dark photon field. The phenomenology of this class of models is quite unique, as it

implies that, on the one hand, we are surrounded by a time-dependent axion-like field, while, on the

other hand, its background behaves as a time-dependent oscillating dilaton/scalar field due to the

relaxion-Higgs mixing.

Introduction. The relaxion mechanism provides an

alternative solution to the Higgs naturalness problem [1].

Within the relaxion framework, the electroweak (EW)

scale is not a fundamental scale of a UV
theory, but

emerges as a result of dynamical evolution of our uni-

verse. The Higgs mass is not a constant but rather a

time dependent function of an axion-like field, the relax-

ion. An example of the potential of relaxion and Higgs

that realizes the relaxion mechanism is [2]

V (H
,�)= (⇤ 2

�
g⇤�)|H

| 2
�

cg⇤ 3
� � ⇤ 4

br
v 2 |H

| 2
cos �

f , (1)

where ⇤ is the cuto↵ scale for the Higgs mass, f is axion

decay constant, c is an order one coe�cient, g ⇠ ⇤ 4
br /f⇤ 3,

and ⇤
br is the scale charactarizing the backreaction po-

tential, with
v being the EW

scale. A close interplay

between relaxion evolution due to the relaxion rolling po-

tential and the backreaction from Higgs-dependent relax-

ion potential allows the relaxion to be stabilized at the

vacuum that provides electroweak scale with UV param-

eters chosen in a technically natural way (for realisation

and further discussions see for instance [1, 3–8]).

In
this paper, we investigate whether the model

presented above can account for the observed dark

matter relic density, in the context of the standard

⇤CDM
cosmology with a high reheating temperature,

electroweak phase transition, and radiation domination

epoch after inflation.
The only non-SM

light degree

of freedom
in a minimal scenario is the relaxion field

itself. It is shown that via a dynamical misalignment

mechanism
the relaxion follows a viable axion-like DM

evolution.
Basic

idea.
Our basic observation is simple as

follows. During inflation, the relaxion scans the elec-

troweak Higgs mass, and settles down at one of its

local minima.
After reheating, the EW

symmetry is

restored and the backreaction potential disappears. As

a result, the relaxion field begins to evolve again, until

the backreaction potential appears at some temperature,

T
ra . Requiring that the relaxion has been trapped in a

close-by minima, the relaxion field is displaced from its

local mininum
with a certain misalignment angle, �

✓.

Consequently, when the Hubble scale drops below
its

mass, it begins to oscillates around the minimum. This

coherently oscillating relaxion field eventually constitutes

the DM
in the present universe. To understand qualita-

tively why such a “relaxion-miracle” can occur, consider

the relaxion matter density during matter radiation

equality in units of the corresponding temperature, T 4
eq :

⇢DM/T 4
eq ⇠

m 2
� f 2

/T
eqT 3

os ⇠
0.1 where we assume for

simplicity �
✓ ⇠ 1, T

os ⇠
v and ⇤

br ⇠ 0.1GeV. We show

below
that a light relaxion can be e�ciently trapped

either via the Hubble friction
during the radiation

domination era, in a truly minimal model, or via particle

production from relaxion coupling to dark photon.

M
inim

al m
odel. A viable DM

model would require

that the relaxion is on the one hand su�ciently displaced

from its minima after reheating (assuming that it is well

above the EW
scale) but on the other hand such that

the relaxion never dominates the energy density of the

universe before the matter-radiation equality, and also

keeps the Higgs mass close to its original value set by

the dynamics during inflation. Before discussing this,

let us consider the dark matter density at the begin-

ning of relaxion oscillation, Y
� (tosc ) =

n
� (tosc )/s(tosc ) '

m
�f 2(�

✓) 2
/2s(tosc ), tosc is the time when the oscillation

begins, and
s(t) is the entropy density. The tempera-

ture of the universe when the relaxion starts to oscillate

is given as
T
os ⇡ min ⇥

T
tr ,

p
m

�M
Pl

⇤
where

T
tr is the

temperature of the universe when the relaxion is trapped

by the backreaction potential, and the second term
in

the squared parenthesis is obtained by 3H(T
os ) =

m
� .

The resulting relic abundance at the present universe is

backreaction 

Relaxion mechanism (inflation based)



Higgs @ 21st century => crisis & opportunity
 New ideas & null LHC results cast tiny doubt on this paradigm. 

eg: “Cosmic attractors”, “dynamical relaxation”, “N-naturalness”, “relating the weak-scale to the CC” & “inflating the Weak scale”. 

Bottomline here: relaxion is ALP that (due to CP violation) can be described as scalar 
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Graham, Kaplan & Rajendran (15)

 New scalar common to all of above: concretely let us consider the relaxion:                 

under some assumption allows for a concrete QFT realisation.

However, searching the relaxion => log crisis as follows:



The relaxion (Higgs portal) parameter space & the log crisis
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Two reasons for what makes  

accelerators relaxion-based searches special 

 14

(i)  Penetrating the natural region 

(ii) Relaxion quality problem



Reason 1: Penetrating the (naive) relaxion natural region

As effective relaxion models can be described via a Higgs portal they suffer from 
their own naturalness problem which can be summarised as follows:

LS ∈ m2
S SS + μSH†H + λS2H†H , with S = light scalar & H = SM Higgs . 

Naive naturalness implies: sin θ ≃ μ/⟨H⟩ ≲
mS

⟨H⟩
& λ ≲

m2
S

⟨H⟩2
.

As you see in following plot it is very hard to probe the natural region:
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Accelerators: 1 among only 3 probes of naive physical models
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The 3 fronts where natural models of mixing can be probed

Precision frontier Astro frontier Accelerator frontier

natural   region

sin θ ∼ mS/v
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Overview: accelerator probes of relaxion

Fig. 16: 90% CL exclusion limits for a Dark Scalar mixing with the Higgs. See text for details.

Collider HL-LHC HL/LHeC HL/HE-LHC ILC500 CLIC3000 CEPC FCCee FCCee/eh/hh

�S/10
�3 2.0 1.5 1.8 0.69 1.2 0.77 0.64 0.23

mS [GeV] 11 9.7 10 6.5 8.4 6.8 6.2 3.7

Table 2: Bounds on the Higgs/dark-Higgs quartic coupling �, and on the scalar mass mS . The projection
for the Higgs invisible width are taken from [5].

in beam-dump experiments; Drell-Yan production followed by Z ! a� for hadron colliders;
e+e� ! (Z) ! a� with a ! �� for lepton colliders. Three mass regions can be clearly
identified. The region ma < 1 GeV is dominated by beam-dump experiments in the very low-
coupling regime and by FASER2 [44] running 480 m downstream of the ATLAS interaction
point. In this mass regime, ALPs have a lifetime long enough to escape direct detection in ex-
periments at future colliders, and can be identified only via missing energy. The intermediate
mass region (1 GeV < ma < 90 GeV) can be optimally explored by e+e� colliders (CEPC [46],
CLIC [5], ILC FCC-ee [58]) running at the Z-pole and by hadron colliders (FCC-hh [58]) via
Z decays. In most of this mass range, the two photons from a decays are not resolved and,
hence, the ALP mass cannot be determined. Finally the high-mass region (from tens of GeV to
a few TeV) can be optimally explored by e+e� linear colliders (ILC and CLIC) and ep colliders
(LHeC and FCC-eh [59]).

Fermion portal
The existence of right-handed neutrinos ⌫R or Heavy Neutral Leptons (HNL) is an open question
with important consequences that range from the origin of neutrino masses to the leptogenesis
mechanism as an explanation for the cosmic baryon asymmetry (see sect. ??). The scale of
HNL masses is entirely unknown and different choices can have a wide range of implications

22

Lanfranchi+GP, Granada, European Strategy (19); accelerators:mostly from PBC, 1901.09966 

http://arxiv.org/abs/arXiv:1901.09966
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Naturalness, Z2  limit: sizeable BR only for large masses 
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Natural  region for λ ≲
m2

S

⟨H⟩2
∼ 10−5 × ( ms

GeV )
2

⟹ BR(H → SS)inv ≲ 10−6 × ( ms

GeV )
4

Future colliders probe this Z2 in a strong manner via H->invisible
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Numbers from: 

Higgs Boson studies at future particle colliders 
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Zooming in LHC probes of “ultra-heavy”relaxion (naive)

Preliminary, in prep’: Fuchs, Matsedonskyi, GP, Savoray, Schlaffer 

Liu, Liu & Wang;  Frugiuele, Fuchs, GP & 
Schlaffer; Alipour-fard, Craig, Gori, Koren, 
Redigolo (18); HWG: 1905.03764 



Zooming in collider probes of “ultra-heavy”relaxion (naive)

Preliminary, in prep’: Fuchs, Matsedonskyi, GP, Savoray, Schlaffer 

Z���� LEP1
Z� LEP2

Z���� TeraZ

Z� ILC

B
�
K
�
�
L
H
C
b

h
�
u
n
ta
g
g
e
d
L
H
C
1

ATLAS DV

FC
C
e
e
D
V CLIC DV

HL-LHC MS+MTD

CMS inv
in
v

HL
-L
HC

in
v

FC
Ce
e

untagged

invisible

preliminary

10 20 30 40 50
-20

-15

-10

-5

m� [GeV]

L
o
g
1
0
[s
in

2
�
]



Reason 2: ALP/axion quality problem

Planck suppressed operators typically destroy the axion potential. 
Barr & Seckel; Kamionkowski & March-Russell (92); see also talk by Dine …

Can be addressed if the axion has additional contribution to its mass (lowering f): 

where  with Δ<12 operators, strong CP problem is not solve!  

Rybakov (97); Berezhiani, Gianfagna & Giannotti (01); Hook (14); 

Fukuda, Harigaya, Ibe & Yanagida (15); Alves & Weiner (17) … 

3

K ±Æ p ±+a Mq>640GeV Hg=1L
Mq>640GeV Hg=0.3L
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FIG. 1: Constraints on the axion parameters. The green (light) shaded region labeled by “SN” denotes the constraint from the
supernova neutrino burst duration. The blue (light) shaded region labeled by “HB” denotes the constraint from the lifetime of
the horizontal branch stars. The purple (dark) shaded region labeled by “K± ! ⇡

±+a” denotes the constraint from the Kaon
decay. The red shaded region shows the constraint from the proton beam dump experiment CHARM. Two horizontal lines
show the constraint from the extra quark search assuming the Yukawa coupling constant in Eq. (2) to be g = 1 and g = 0.3,
respectively.

model) is that the axion couples to the Standard Model sector and the mirrored sector only through Eq. (3), and does
not couple to Standard Model fermions at the tree-level. Due to the lack of direct interactions to Standard Model
fermions, the main decay mode of the axion is the one into two photons through the e↵ective interaction term,

Le↵ ' 1

32⇡2

✓
6Q2

Y
� 2(4 + z)

3(1 + z)

◆
a

fa
(FF̃ + F 0F̃ 0) , (5)

for ma . 3m⇡. The decay rate of this mode is given by,

�a!2� =
1

16⇡

✓
6Q2

Y
� 2(4 + z)

3(1 + z)

◆2 ⇣ ↵

4⇡

⌘2 m3
a

f2
a

. (6)

For ma & 3m⇡, a mode into three pions becomes dominant, and eventually, modes into two gluon jets become
dominant for a much heavier axion, ma � 3m⇡. The decay rates should be compared with axion models with direct
fermion couplings, where decay modes are dominated by the modes into electrons and muons for ma > 2me and
ma > 2mµ, respectively.

Accordingly, the laboratory constraints on the axion of this type is quite di↵erent from those on models with fermion
couplings (see e.g. [18] for a compilation of the constraints on the axion-like particle with fermion couplings). For
ma . 0.1GeV, the most stringent constraint comes from the Br[K± ! ⇡± + nothing] . 7.3⇥ 10�11 at 90% CL [19].
By remembering that the decay of the Kaon into the axion is caused by the ⇡0 � a mixing,

Br[K± ! ⇡± + a (! invisible)] ' "2
⇡0-aBr[K

± ! ⇡± + ⇡0] , "⇡0-a ' f⇡(z � 1)

fa(z + 1)
, (7)

we obtain a constraint, fa & a few TeV for ma . 0.1GeV (see Fig. 1).4 This should be contrasted to axion models with
fermion couplings where the dominant contribution to the Kaon decay comes from the one-loop Penguin diagrams

4 In the figure, we approximate that the size of the E949 detector is about 5m, and we require the axion to travel longer than 5m before
it decays to contribute to Br[K± ! ⇡

± + invisible], although the lower limit on fa does not depend on the precise size of the detector
significantly.

Fukuda et al.  (15)

 24

We note also that for the relaxion case the quality problem is much worse, 
due to special QFT structure denoted as clockworking. 

Clockwork: Choi, Kim & Yun (14) Rattazzi & Kaplan; Choi & Im (15)
Clock-quality: Davidi, Gupta, GP, Redigolo & Shalit (18)



2 differences from generic Higgs portal  

 25

(i)  Lower bound on mixing angle (implications of compact parameter manyfold)  

(ii) Parity-odd-ALP coupling (not discussed today …)



Naive lower bound on relaxion-Higgs mixing 

 26

 Naively you can think about the relaxion as dominated by its “backreacion” 
potential, similar to the axion: 

V(H, ϕ)J=2 ∼ Λ4
BR/v2 × H†H cos(ϕ/f ) , (H = Higgs, v = ⟨H⟩, ϕ = relaxion)

 Which implies: "  .m ∼ Λ2
BR/f and sin θ ∼ m /v × Λ2

BR/v2

 As "  .f ≳ Λ ≳ TeV ⇒ sin θ ≳ m2/v2 × f /v ≳ 10 × m2/v2

Discussion \w Grojean …



Excluding the relaxion with accelerators (naive)

Fig. 16: 90% CL exclusion limits for a Dark Scalar mixing with the Higgs. See text for details.

Collider HL-LHC HL/LHeC HL/HE-LHC ILC500 CLIC3000 CEPC FCCee FCCee/eh/hh

�S/10
�3 2.0 1.5 1.8 0.69 1.2 0.77 0.64 0.23

mS [GeV] 11 9.7 10 6.5 8.4 6.8 6.2 3.7

Table 2: Bounds on the Higgs/dark-Higgs quartic coupling �, and on the scalar mass mS . The projection
for the Higgs invisible width are taken from [5].

in beam-dump experiments; Drell-Yan production followed by Z ! a� for hadron colliders;
e+e� ! (Z) ! a� with a ! �� for lepton colliders. Three mass regions can be clearly
identified. The region ma < 1 GeV is dominated by beam-dump experiments in the very low-
coupling regime and by FASER2 [44] running 480 m downstream of the ATLAS interaction
point. In this mass regime, ALPs have a lifetime long enough to escape direct detection in ex-
periments at future colliders, and can be identified only via missing energy. The intermediate
mass region (1 GeV < ma < 90 GeV) can be optimally explored by e+e� colliders (CEPC [46],
CLIC [5], ILC FCC-ee [58]) running at the Z-pole and by hadron colliders (FCC-hh [58]) via
Z decays. In most of this mass range, the two photons from a decays are not resolved and,
hence, the ALP mass cannot be determined. Finally the high-mass region (from tens of GeV to
a few TeV) can be optimally explored by e+e� linear colliders (ILC and CLIC) and ep colliders
(LHeC and FCC-eh [59]).

Fermion portal
The existence of right-handed neutrinos ⌫R or Heavy Neutral Leptons (HNL) is an open question
with important consequences that range from the origin of neutrino masses to the leptogenesis
mechanism as an explanation for the cosmic baryon asymmetry (see sect. ??). The scale of
HNL masses is entirely unknown and different choices can have a wide range of implications

22
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Excluding the heavy relaxion with collider (exact)

Preliminary, in prep’: Fuchs, Matsedonskyi, GP, Savoray, Schlaffer 



What if the relaxion is super light? 
Probing the relaxion at the precision front. 

 29
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Ultra light relaxion
 When the relaxion is very light, via its Higgs-mixing it induces deviation 

from equivalence principle, which is constrained.  

 In addition, even minimal models form an axion-like dark matter 

oscillating field (\w dynamical misalignment angle) => Higgs VEV oscillates . 

 30

Banerjee, Kim & GP (18)



Concrete ex.: relaxion dark matter (DM)

♦ Basic idea is similar to axion DM (but avoiding missalignment problem):

V (�)

�

�

Now the relaxion not at the min’ and start to oscillates = DM.
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Concrete ex.: relaxion dark matter (DM)

♦ Basic idea is similar to axion DM (but avoiding missalignment problem):

V (�)

�

�
Now the relaxion not at the min’ and start to oscillates = DM.



Ultra light relaxion
 When the relaxion is very light, via its Higgs-mixing it induces deviation 

from equivalence principle, which is constrained.  

 In addition, even minimal models form an axion-like dark matter 

oscillating field (\w dynamical misalignment angle) => Higgs VEV oscillates .  

 It implies that all coupling constants ( " ) oscillate:me, α, αs . . .

 34

Banerjee, Kim & GP (18)

Arvanitaki, Huang & Van Tilburg (15)

δme

me
≲ ye sinϕh

ρDM

me mϕ
sin (mϕt)

See also: Graham, Kaplan, Mardon, Rajendran & Terrano; Arvanitaki, Dimopoulos & Van Tilburg; Van Tilburg, Leefer, Bougas & Budker  (15) 



Beyond 1Hz DM mass \w dynamical decoupling

(c)

Figure 2: Bounds on the parameter space of light scalar DM corresponding to the observed DM density near
the sun. The bounds on the couplings of a generic DM candidates are shown in (a) and (b). The bounds
on the mixing angle of a relaxion DM are presented in (c). Black – current and projected bounds from DD
experiments at 95% CL. Red – Bounds from fifth force experiments [30]. Magenta – EP-tests bounds taken
from [20]. Dash-dotted – Bounds from Naturalness.

8

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray (19) [via ion-cavity comparison]

The bounds on the mixing angle of a relaxion DM: Black – current and projected bounds from DD experiments at 95% CL. Red – Bounds from fifth force experiments. Magenta – EP-tests bounds. Dash-dotted – 
Bounds from Naturalness.  35



Beyond 1Hz DM mass \w polarization spectroscopy 

Antypas, Tretiak, Garcon, Ozeri, GP & Budker, (19)

3

6S1/2 ! 6P3/2 transition frequency, we employ polariza-
tion spectroscopy in a vapor cell [25] (see fig.1a). The 7
cm long cell is placed inside a 4-layer magnetic shield
and maintained at room temperature. Two counter-
propagating laser beams, termed pump and probe, are
overlapped inside the cell. The circularly polarized
pump induces birefringence in the Cs vapor. Analysis
of the polarization of the linearly polarized probe with
a balanced polarimeter yields a dispersive-shape feature
against laser frequency, for each of the hyperfine com-
ponents of the transition. This feature has a narrow
width, nearly limited by the natural linewidth of the
transition (�/2⇡ ⇡ 5.2 MHz), and serves as a calibrated
frequency discriminator. A typical polarization spec-
troscopy signal is shown in fig. 1b. Fast changes in fat
will appear as amplitude oscillation in the polarimeter
output. The quality factor of this oscillation is related
to the coherence of the field � of eq. (1) and is given by
!/�! ⇡ 6

p
2⇡/e/v2DM ⇡ 9 · 106, where vDM = 10�3 is

the virial velocity of the DM field [26]. Within the 20
kHz-100 MHz band probed in the experiment, the ex-
pected spectral width �!/2⇡ of the oscillation is in the
range 2 mHz - 11 Hz.

To account for the decrease in the atomic response at
frequencies above the transition linewidth, and other re-
sponse non-uniformities in the apparatus, a frequency
calibration is required. This is done by imposing fre-
quency modulation on the laser light with use of an
electro-optic modulator (EOM), and comparing the am-
plitudes of this modulation, as measured with the atoms
and with a Fabry-Perot cavity of known characteristics
that serves as a calibration reference.

During an experiment, the laser frequency is tuned to
excite atoms from the F = 3 hyperfine level of the ground
state to the F 0 = 2 level of the excited state. The output
of the balanced polarimeter is measured with a spectrum
analyzer (Keysight N9320B). To produce a high resolu-
tion noise power spectrum in the 20 kHz-100 MHz range,
measurements in ⇡ 22, 000 frequency windows are re-
quired, each of which consists of 461 bins; a bin is 10 Hz
wide and corresponds to integration time of 5 ms. Ap-
proximately 22 hr is required to acquire such a spectrum.
To ensure long-term frequency stability of the laser, fL is
modulated at 167 Hz with an amplitude of 200 kHz, and
demodulation of the measured probe beam power with
a lock-in amplifier provides an error signal, to which the
laser frequency is stabilized with a bandwidth of 2 Hz,
such that the laser is always on resonance with the atomic
transition.

Data analysis - A set of three high-resolution noise
power spectra in the 20 kHz-100 MHz range were ac-
quired and analyzed to probe fast oscillations in fat. The
mean and variance of each spectrum were computed in
many frequency regions and were found to be consistent
among the three spectra to within 2%. The slope of the
F = 3 ! F 0 = 2 feature in the polarization spectrum of
fig. 1b, that is related to the sensitivity in detecting oscil-
lations in fat, was stable to within 6% during the entire 66
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FIG. 2: Upper bounds on the fractional modulation
�fat/fat, shown at the 95% CL. The reduced sensitivity in
the range 498,330 ± 5 Hz, is due to increased apparatus

noise. At frequencies below 300 kHz the sensitivity is limited
by technical noise of the laser and above 5 MHz by the

decaying response of the atoms (see text).

hr long acquisition run. An average spectrum was com-
puted from the three high-resolution power spectra. A
number of peaks were present in average spectrum whose
power exceeded a global threshold, set to correspond to
5% probability for detection. The origin of these peaks
was investigated by comparing their power with the laser
frequency tuned on- and o↵- the F = 3 ! F 0 = 2 res-
onance, or with use of a second Ti:Sapphire laser and
external-cavity diode laser to acquire data. These lasers
have di↵erent technical noise spectra compared to that of
the primary laser system. All features exceeding the 5%
threshold were traced to either laser technical noise or
rf-pickup in the apparatus, and in the majority of cases
their power was measured accurately and subtracted out,
such that the residual power was bellow the detection
threshold.
No signal of unknown origin with power above the

global 5 % threshold was detected. In its absence, an
upper limit is placed on possible oscillations of the fre-
quency fat, which is presented in fig. 2 at the 95% con-
fidence level (CL).
Constraints on scalar DM couplings - We use the ob-

tained bounds on �fa/fa to constrain the parameters
g� and ge of eqns (2) and (3). With the assumption
that DM-induced oscillations in fa arise solely due to
either the coupling to the photon or to the electron,
we set bounds on the corresponding coupling constants,
and present these in fig. 3a and fig. 3b. In the same
plots, corresponding limits derived from analysis of re-
sults of EP experiments [19], as well as limits derived
from Naturalness are also shown. In the case of the
scalar field �, Naturalness requires that radiative correc-
tions to the mass m�, arising due to its interactions, be
much smaller than the mass it self. In the present work,
where a DM field that has scalar couplings to SM matter
is considered, this requirement leads to the constraints:
|ge| ⌧ 4⇡m�/⇤, |g� | ⌧ 16⇡m�/⇤2 [4, 12].
To obtain the bounds of fig. 3a and 3b, g� and ge were

treated independently. Within the relaxion DM model

Cs 6S1/2 → 6P3/2 transition frequency (10 GHz) 

3rd laser harmonics.
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Probing/measuring the strange Yukawa
with future lepton colliders
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♦                                      :  more than 2000 events with 107 Higgses.

Strange Yukawa at lepton colliders, strange tagger

BR(h ! ss̄) ' 0.02%

Measurement of the strange quark forward backward asymmetry around the Z0 peak 

DELPHI Collaboration, Eur.Phys.J. C14 (2000) 

Light quark fragmentation in polarized Z0 decays 

SLD Collaboration, Nucl.Phys.Proc.Suppl. 96 (2001) 

♦ Already applied to Z:

♦ 
Sss̄p

Bbb̄,
p
Bgg

⇠ 1.0, 2.8 . (107 Higgses)
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in Figs 10 and 11 the FFs for different flavors are pre-
sented in two cases at µ2 = M2

Z . In the first case we
determine FFs by fitting on the single-inclusive electron-
positron annihilation (SIA) and also SIDIS asymmetry
data. According to the last section, we assume asymme-
try between valence or favored fragmentation functions
and unfavored fragmentation functions for both pion and
kaon because the possibility of π+/K+-production from
valence or favored quarks is more than sea or unfavored
quarks. Moreover, SIDIS data help us to specify the dif-
ference between the quark and anti-quark distributions
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in the nucleon considering outgoing produced hadrons
which is not possible in fully inclusive experiments.
In the second case we calculate FFs by fitting just on
the single-inclusive electron-positron annihilation (SIA)
data. Since we omit asymmetry SIDIS data from our
fit, the symmetry between the quark and anti-quark is
assume in this case

DH
u (z, µ2

0) = DH
ū (z, µ2

0),

DH
d (z, µ2

0) = DH
d̄ (z, µ2

0),

DH
s (z, µ2

0) = DH
s̄ (z, µ2

0). (36)
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For ex: Soleymaninia et al. (13)

Strategy for digging out higgs to strange decay

♦ Looking for 2 leading Kaons that are (i) hard; (ii) prompt. 
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Defining a new IR-safe collinear-unsafe jet-flavour variable 

OVERALL PROGRAM, NSFC-ISF application # 3190/19; PIs: Z. Liu & G. Perez 1

Figures

Figure 1: Comparison of simulated |Js| distributions for h ! ss̄, dd̄, uū, and gg decays. The values are computed
in the Higgs rest-frame with RK± = ⌥1, RKs = ±1 such that |Js| is minimized and only if the Ks decays into
charged pions, and RH = 0 for all other hadrons.

-8 -6 -4 -2 0 2 4 6 8
0

500

1000

1500

2000

2500

Figure 2: Estimated mass-bounds for color-triplet scalars, as given by the most recent searches. Solid – a
diphoton resonance search at

p
s = 13 TeV, L = 35.9 fb�1 [80]. Round markers – a direct MCHSP search at

p
s = 8 TeV, L = 18.8 fb�1 [81].

2

cus here on the application of the s-tagger to h ! ss̄, a
broader discussion of the s-tagger will be provided in a
companion paper [31].

Flavor tagging relies on the idea that the flavor of
a parton that belongs to the hard part of the event is
correlated with properties of the collection of final-state
hadrons originating from that parton. This collection
may be the hadrons in a jet or any other part of the
event, e.g., a hemisphere defined by a particular axis.
We use the term jet as a generic umbrella term for both,
with jet flavor referring to the flavor of the primary par-
ton that gave rise to the jet. The process of determining
jet flavor is referred to as flavor tagging.

While QCD respects flavor, it does impact the particle
composition of a jet, thus a↵ecting jet flavor tagging. For
example, flavor-blind gluon splitting can result in a quark
appearing inside the jet while its partner antiquark does
not, resulting in the creation of flavor that is di↵erential
in phase space [32]. In the case of heavy quarks, this can
be mitigated perturbatively by modifying the clustering
algorithm used to construct the jet. This is done either by
undoing the flavor creation by gluon splitting [32] or by
allowing the jet to form a higher representation (beyond
fundamental) of the SM global flavor group [33]. Here,
we attempt to tackle the same issue for the light-flavor
quarks. The price to pay is that we must give up some
perturbative control and hence calculability. Specifically,
the jet-flavor variable that we define below is safe against
soft but not collinear radiation.

The dynamics that set the flavor in our case can be very
roughly characterized by two distinct scales. The first is
a hard, perturbative scale given by the Higgs mass, and
the second is the soft hadronization scale ⇤QCD. In cal-
culations and simulations of jet properties, the evolution
from the hard to the soft scale, referred to as showering,
is described via perturbation theory. At the end of the
evolution, fragmentation functions (FFs) are used to de-
termine in a statistical way the flavor composition of the
event. As in the case of parton distribution functions, the
FFs cannot be calculated from first principles and must
be extracted from data (see, e.g., Ref. [34] for a recent
review). Since plans for future lepton colliders include
high-luminosity runs on the Z-pole, improved measure-
ments of the FFs at the germane energy scale will be
available for studies of h ! jj at these facilities. Here
and in the following we use h ! jj to denote a Higgs
decay into a final state of two gluons or a quark–anti-
quark pair. Similarly, at higher collision energies, where
WW production is kinematically accessible, the FFs can
be measured in the decay of the W bosons, albeit with
lower statistics.

While the processes of showering and hadronization
degrade the flavor-tagging capability, some of the cor-
relation between the primary parton and the final-state
hadrons remains. To exploit this, we define a new jet-

flavor variable,

JF =

P
H

pH · ŝRH

P
H

pH · ŝ
. (4)

Here, the sum is over all hadrons inside the jet, pH is
the momentum vector of the hadron H, RH is its quan-
tum number or numbers of the flavor representation of
interest, and ŝ is the normalized jet axis. In our case of
a Higgs boson produced approximately at rest and un-
dergoing a h ! jj decay, |

P
pH | ⇡ mh/2, therefore, the

denominator is nonzero, and JF is well defined.
As our focus is on strangeness tagging, we use only

the SU(3) flavor composition for evaluating RH . For fur-
ther simplicity, we consider only pions and kaons, which
constitute the majority of final-state hadrons. Since
mu,d ⌧ ms ⇠ ⇤QCD, the SU(3) flavor symmetry is bro-
ken in a rather strong way by the strange-quark mass.
Therefore, it is enough to consider only strangeness, as-
signing RK± = ⌥1 and R⇡±,0 = 0. The presence of
neutral kaons weakens the ability to perform strangeness
tagging for two reasons. First, it is impossible to deter-
mine whether a neutral kaon has strangeness 1 or �1.
Second, only the KS decays in a clearly distinguishable
manner, while the KL gives rise to calorimeter energy
deposits that are not unique. Therefore, a reasonable,
minimal-bias approach is to assign RKS = 1 or �1 to
each KS in the jet, choosing the set of values that min-
imizes the value of |JF |. For more details on JF and its
performance, see Ref. [31].

We test our tagger on e
+
e
�

! Zh events that
are generated and showered using PYTHIA version
8.219 [35, 36]. For the purpose of studying back-
ground from hadronic W decays, we additionally gen-
erate e

+
e
�

! W
+
W

� events. As a cross check, we also
generate events with Herwig version 7.1.4 [37, 38], and
find good agreement in the relevant kinematic distribu-
tions [31]. Our study is based on truth-level information,
without full detector simulation. In order for the esti-
mate to be more realistic, we make several assumptions
about the reconstruction performance, as described be-
low.

We assume that in the reconstruction of an e
+
e
�

! Zh

event, the final-state hadrons originating from the Higgs
decay are correctly associated to the Higgs. Therefore,
all particles from the Z decay are ignored at the truth
level. This is especially justified, since we consider the
invisible decay mode of the Z boson later on.

As discussed above, the crucial final state hadrons
for our tagger are kaons and charged pions, which can
fake charged kaons. We make the following assumptions
about their reconstruction.
Neutral kaons: Among the neutral kaons and their de-

cays, only K
0

S
mesons decaying into two charged pions

can be e�ciently reconstructed. This decay is identi-
fied from the two pion tracks that form a displaced ver-
tex. We require that the K

0

S
decay takes place at a (3-

dimensional) distance of between 5mm and 1m from the
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 (Sum is over hadrons H within the jet, p⃗H is the hadron’s momentum, RH is its flavor)
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4

Higgs candidate W bb uu dd cc ss

Fraction [%] 65.3 9.8 6.1 6.0 6.4 6.0

TABLE I. Relative composition of the hadronic part of the
non-h ! jj event that is assumed to fake the h ! jj candi-
date. W refers to the case where a W boson is falsely iden-
tified as Higgs, in both e

+
e
� ! W

+
W

� and h ! non-jj
events. The other compositions stem mainly from Z/�

⇤ ! qq̄.

The abovementioned studies used a modular approach,
in which they first applied cuts to separate h ! jj from
all non-h ! jj background events, and then applied a
flavor tag on the selected signal-rich sample to select the
desired final state flavor. We refer to these two sets of
cuts as preselection and flavor cuts, respectively. Adopt-
ing the same modular approach, we assume that the
preselection e�ciencies are independent of those of the
flavor cuts. Starting from the background composition
found in Ref. [49] after the preselection cuts, we deduce
the relative contribution of partonic final states that fake
the Higgs, summarized in Table I. Subsequently, we use
the s-tagger selection e�ciency as described below to de-
termine the composition of the background sample after
preselection and flavor cuts.

The main non-h ! jj background is e
+
e
�

! W
+
W

�,
where one W decays into ⌧⌫⌧ , thus generating miss-
ing energy and mass, and the other W decays hadron-
ically. We obtain the s-tagger e�ciency for this back-
ground from the simulated e

+
e
�

! W
+
W

� sample, as-
suming that the hadronically decaying W is identified
as the Higgs candidate. The second-largest background
arises from ZZ + Z�

⇤ events, when one Z decays invis-
ibly, and quarks from the other gauge boson fake the
h ! jj decay. Since this background has the same par-
tonic final states as the generated e

+
e
�

! Zh samples,
we take the e�ciency obtained from them, taking into
account the di↵erent relative contribution of the quark
flavors. The third important contribution to the back-
ground is Higgs events in which the Higgs undergoes a
non-jj decay. Because h ! WW

⇤ decays constitute the
majority this background, we take their contribution to
be 100% for simplicity. Moreover, since the selected hard
kaon candidate is more likely to originate from the decay
of the on-shell W , the performance of the s-tagger ob-
tained for the e

+
e
�

! W
+
W

� sample is also assumed
for the h ! WW

⇤ background. We verified that the dif-
ferent momentum distribution of the final state partons
in the two cases hardly a↵ects the e�ciency, justifying
this choice.

Our results are summarized in Fig. 1 as a function
of the number of non-h ! jj events (Nnon�jj) vs. the
number of h ! jj events (Njj), obtained after the pres-
election but before the flavor cuts. To be precise,

Njj = L �h B(h ! jj) ✏jj , (6)

where L is the integrated luminosity, �h is the production
cross section for e

+
e
�

! ⌫⌫̄h via both Zh and WW -

FIG. 1. The plot shows on the x-axis the number of h ! jj

events and on the y-axis the number of non-h ! jj events,
both after the preselection but before the flavor cuts. For de-
tails see text around Eqs. (6) and (7). The dashed and dotted
lines show the constant ratio of h ! jj to non-h ! jj events
as obtained in a cut-and-count [48] and BDT analysis [49],
respectively. Furthermore anticipated luminosities for several
colliders are indicated. The colors show the obtained value
of the limit on the signal strength µss after applying the best
choice of s-tagger parameters in the charged-charged channel.

fusion, B(h ! jj) is the total branching fraction for h !

jj processes, and ✏jj is the e�ciency for such an event to
to pass the preselection criteria. Similarly, the number
of non-h ! jj events after preselection is

Nnon-jj = L

X

i2non-jj

�i✏i, (7)

where the sum is over all the non-h ! jj processes, �i

is the cross section for the process, including relevant
branching fractions, and ✏i is the e�ciency for events
of the process to pass the preselection criteria. Fig. 1
shows diagonal lines of constant Njj/Nnon�jj , with the
values of this ratio being those obtained using the cut-
and-count [48] and BDT [49] techniques, respectively. On
these lines, we show the points corresponding to inte-
grated luminosities of 0.25, 5, and 50ab�1.

For a given value of Njj , we determine the number
of h ! jj background events for the dominant decays
h ! bb̄, cc̄, and gg given the SM branching fractions [52].
We also determine the number of h ! ss̄ signal events,
taking B(h ! ss̄) = B(h ! cc̄) (ms/mc)

2
⇡ 2.3 ⇥ 10�4,

where we evaluate the charm and strange quark masses
at the Higgs mass scale using RunDec version 3.0 [53].

Given this composition of the h ! jj events and that
of the non-h ! jj events shown in Table I, we iterate
over points in the plane of Fig. 1 and evaluate the num-
ber of signal and background events as a function of the
cuts on d0, ✏K± , and p||. We then select the cuts that
yield the strongest upper limit on the signal strength µss

at 95% confidence level, and present the upper limits as

4
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suming that the hadronically decaying W is identified
as the Higgs candidate. The second-largest background
arises from ZZ + Z�

⇤ events, when one Z decays invis-
ibly, and quarks from the other gauge boson fake the
h ! jj decay. Since this background has the same par-
tonic final states as the generated e

+
e
�

! Zh samples,
we take the e�ciency obtained from them, taking into
account the di↵erent relative contribution of the quark
flavors. The third important contribution to the back-
ground is Higgs events in which the Higgs undergoes a
non-jj decay. Because h ! WW

⇤ decays constitute the
majority this background, we take their contribution to
be 100% for simplicity. Moreover, since the selected hard
kaon candidate is more likely to originate from the decay
of the on-shell W , the performance of the s-tagger ob-
tained for the e

+
e
�

! W
+
W

� sample is also assumed
for the h ! WW

⇤ background. We verified that the dif-
ferent momentum distribution of the final state partons
in the two cases hardly a↵ects the e�ciency, justifying
this choice.

Our results are summarized in Fig. 1 as a function
of the number of non-h ! jj events (Nnon�jj) vs. the
number of h ! jj events (Njj), obtained after the pres-
election but before the flavor cuts. To be precise,

Njj = L �h B(h ! jj) ✏jj , (6)

where L is the integrated luminosity, �h is the production
cross section for e

+
e
�

! ⌫⌫̄h via both Zh and WW -
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FIG. 1. The plot shows on the x-axis the number of h ! jj

events and on the y-axis the number of non-h ! jj events,
both after the preselection but before the flavor cuts. For de-
tails see text around Eqs. (6) and (7). The dashed and dotted
lines show the constant ratio of h ! jj to non-h ! jj events
as obtained in a cut-and-count [48] and BDT analysis [49],
respectively. Furthermore anticipated luminosities for several
colliders are indicated. The colors show the obtained value
of the limit on the signal strength µss after applying the best
choice of s-tagger parameters in the charged-charged channel.

fusion, B(h ! jj) is the total branching fraction for h !

jj processes, and ✏jj is the e�ciency for such an event to
to pass the preselection criteria. Similarly, the number
of non-h ! jj events after preselection is

Nnon-jj = L

X

i2non-jj

�i✏i, (7)

where the sum is over all the non-h ! jj processes, �i

is the cross section for the process, including relevant
branching fractions, and ✏i is the e�ciency for events
of the process to pass the preselection criteria. Fig. 1
shows diagonal lines of constant Njj/Nnon�jj , with the
values of this ratio being those obtained using the cut-
and-count [48] and BDT [49] techniques, respectively. On
these lines, we show the points corresponding to inte-
grated luminosities of 0.25, 5, and 50ab�1.

For a given value of Njj , we determine the number
of h ! jj background events for the dominant decays
h ! bb̄, cc̄, and gg given the SM branching fractions [52].
We also determine the number of h ! ss̄ signal events,
taking B(h ! ss̄) = B(h ! cc̄) (ms/mc)

2
⇡ 2.3 ⇥ 10�4,

where we evaluate the charm and strange quark masses
at the Higgs mass scale using RunDec version 3.0 [53].

Given this composition of the h ! jj events and that
of the non-h ! jj events shown in Table I, we iterate
over points in the plane of Fig. 1 and evaluate the num-
ber of signal and background events as a function of the
cuts on d0, ✏K± , and p||. We then select the cuts that
yield the strongest upper limit on the signal strength µss

at 95% confidence level, and present the upper limits as

Best sensitivities: d0 ︎~18μm, p|| ︎~10GeV, and  εK± ≈ 96%. 



Conclusions

 Higgs physics has been always our beacon for new physics. 

 Null-results + new theories (ex.: relaxion) => log crisis/opportunity, calls 

for experimental diversity. 

 Accelerators provided a unique opportunity to search for relaxion. 

 Ultra-light relaxion DM => Higgs VEV oscillating => exciting signals … 

 Higgs to strange within the SM => potentially be probed at lepton colliders.
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Backups
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