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Particle Physics: where we are now, what may come next
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Outline

• Knowns and unknowns of the HEP landscape now
• What may be happening in our field in the next two decades
    - Opportunities to advance our understanding of the field -



• The SM describes the right degrees of freedom 
for quarks and leptons, and for the particles that 
carry the forces among them. 

• It uncovers nature’s most fundamental 
symmetries governing those interactions at high 
accuracy up to several TeV energies

     
   

Particle Physics: A Discovery Science
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• Many particle physics topics are NOT described by the SM 
     - they were not meant to be - not even neutrino masses -

Its mission is to understand the most fundamental layers of reality and the laws by 
which its constituents interact 

The Standard Model (SM) landscape:



Consensus particle theorist’s view of the road ahead: @LHC start in 2009

Supersymmetry Higgs Boson

Strong Dynamics
Extra Dimensions Dark Matter

New Forces
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Consensus particle theorist’s view of the road ahead: @LHC and elsewhere
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• Why Electroweak Symmetry Breaking occurs? 
• What is the history of the Electroweak Phase Transition? 
• The reason for the Hierarchy in Fermion Masses and their Flavor Structure 
• The Nature of Dark Matter 
• The origin of the Matter-Antimatter Asymmetry 
• The generation of Neutrino Masses 
• What is the nature of Dark Energy?
• What are the quantum properties of Gravity and the quantum origins of Spacetime?
• What caused Cosmic Inflation after the Big Bang?
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Mysteries of Particle Physics unanswered in the Standard Model

The SM is silent about all the above BUT,
The powerful global HEP experimental program already underway could provide 
decisive clues to help us decipher many of these mysteries in the next two decades



The Higgs Boson: The Idea of the Higgs Mechanism
What turned the Higgs field on? How did it happen?

•  The Higgs field potential describes the energetics of turning on the  
    Higgs field to a certain (complex) value  
• Because of the symmetry there are degenerate vacua 

• Because of the infinite degrees of freedom in Quantum Field Theory, once one of the 
degenerate ground states is chosen it is hard to transition to another

Now the quantum vacuum is the “ medium”
Apply condensed matter ideas to particle physics

V (⇥) = �m2|⇥|2 + �|⇥|4

Electroweak Symmetry Breaking (EWSB) SU(2)L x U(1)Y à U(1)em 
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HūLuR +H
†
ūRuL

The Brout-Englert-Higgs Mechanism and the Higgs Boson
• A scalar field with self-interactions causes Electroweak Symmetry Breaking in the vacuum 

and gives mass to the gauge bosons of the broken symmetry

Stockholm 2013

• The Higgs boson also appears in the theory

The Mass Mechanism for quarks and leptons
(Weinberg and Salam)

• The symmetry of the theory gives different charges to nature’s 
     left- and right–handed fermions: they are chiral
     The SM is a SU(2)L x U(1)Y chiral gauge theory
• A massive fermion combines the left- and right-handed pieces but it is not possible to do it 

directly since they have different charges:                                                  
 The fermionic Yukawa interaction 
 allows the Higgs field to connect left- and right-handed fields and generates mass through EWSB 
     

Stockholm 2013

<latexit sha1_base64="dD7KDkJCvzLKl+Yl0gUpH1eoQ+Y="></latexit>

LY ukawa = �yu(HūLuR +H
†
ūRuL)
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The Higgs boson at the LHC
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v With mH = 125 GeV, its mass maximally allow us explore its interactions with SM particles 
The Higgs boson existence makes the SM by itself self consistent up to very high energies

7 11. Status of Higgs Boson Physics

11.2.4 Higgs boson production and decay mechanisms255
higgs:sec:subsection2.4

Comprehensive reviews of the SM Higgs boson’s properties and phenomenology, with an em-256

phasis on the impact of loop corrections to the Higgs boson decay rates and cross sections, can be257

found in Refs. [39–46]. The main results are summarised here.258

11.2.4.1 Production mechanisms at hadron colliders259
higgs:sec:hadroncolliderproduction

The main production mechanisms at the Tevatron collider and the LHC are gluon fusion (ggF),260

weak-boson fusion (VBF), associated production with a gauge boson (V H), and associated pro-261

duction with a pair of tt quarks (tt̄H) or with a single top quark (tHq). Figure 11.1 depicts262

representative diagrams for these dominant Higgs boson production processes.263
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(f-g) production in association with a single top quark

higgs:fig:HiggsProd

The state-of-the-art of the theoretical calculations in the main di�erent production channels is264

summarized in Table 11.1.265

The cross sections for the production of a SM Higgs boson as a function of
Ô

s, the center of mass266

energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarized267

in Fig. 11.2 (left) [47]. A detailed discussion, including uncertainties in the theoretical calculations268

due to missing higher-order e�ects and experimental uncertainties on the determination of SM269

parameters involved in the calculations, can be found in Refs. [43–46]. These references also con-270

tain state-of-the-art discussions on the impact of PDF uncertainties, QCD scale uncertainties and271

uncertainties due to di�erent procedures for including higher-order corrections matched to parton272

shower simulations, as well as uncertainties due to hadronisation and parton-shower events.273

Table 11.2 summarizes the Higgs boson production cross sections and relative uncertainties for274

a Higgs boson mass of 125 GeV, for
Ô

s = 7, 8, 13 and 14 TeV.275

i. Gluon fusion production mechanism276

At high-energy hadron colliders, the Higgs boson production mechanism with the largest cross277

section is the gluon-fusion process, gg æ H + X, mediated by the exchange of a virtual, heavy top278

DRAFT 21st November, 2021 5:44pm- Not for public distribution

Higgs Production Channels and Decay Branching Ratios

8 11. Status of Higgs Boson Physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and the major MC tools used in the simulations

higgs:tab:StateArt

ggF VBF V H tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:
N3LO QCD + NLO EW NNLO/NLOPS QCD NNLO QCD+EW NNLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)
Resummed: Fixed order: Fixed order: (MG5_aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD
(HRes) (HAWK) (VH@NNLO)

Di�erential pT (H):
N3LO

(HqT, HRes)
Fiducial:

N3LO+N3LL’
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Figure 11.2: (Left) The SM Higgs boson production cross sections as a function of the center of
mass energy,

Ô
s, for pp collisions [47]. The VBF process is indicated here as qqH. The theoretical

uncertainties are indicated as bands. (Right) The branching ratios for the main decays of the SM
Higgs boson near mH = 125 GeV [45,46]. The theoretical uncertainties are indicated as bands.

higgs:fig:lhcxs

quark [49]. Contributions from lighter quarks propagating in the loop are suppressed proportionally279

to m
2
q . QCD radiative corrections to the gluon-fusion process are very important and have been280

studied in detail. Including the full dependence on the (top, bottom, charm) quark and Higgs boson281

masses, the cross section has been calculated at the next-to-leading order (NLO) in –s [50,51]. To a282

very good approximation, the leading top-quark contribution can be evaluated in the limit mt æ Œ283

by matching the SM to an e�ective theory. The gluon-fusion amplitude is then evaluated from an284

e�ective Lagrangian containing a local HG
a
µ‹G

a µ‹ operator [25, 26]. In this approximation, the285

cross section is known at next-to-next-to-next-to-leading order (N3LO) [52]. The validity of the286

e�ective theory with infinite mt is greatly enhanced by rescaling the result by the exact LO result:287

DRAFT 21st November, 2021 5:44pm- Not for public distribution

MC, Grojean, Kado, Sharma
https://pdg.lbl.gov/2022/reviews/rpp2022-rev-higgs-boson.pdf

A Higgs with a mass of about 125 GeV allows to study many decay channels

LHC Higgs Production Channels 
and Decay Branching Ratios

H

6

Gluon Fusion is the Main
Production Channel



Higgs Couplings Preamble
ATLAS-CONF-2021-053

Invisible branching fraction
Brinv <  11% ATLAS-CONF-2020-052@95% CL

The larger and excellent Run 2 data sample brought many more 
opportunities…
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Effective self coupling
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• Its discovery and subsequent study of its properties at the LHC has provided a first portrait of 
the electroweak symmetry breaking mechanism 

The Great Success of the Higgs boson at the LHC 
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Figure 11.4: Combined measurements by ATLAS and CMS of the products ‡ · BR, normalised
to the SM predictions, for the five main production and five main decay modes.

higgs:fig:MuGeneral

compatibility of the signal with the SM Higgs boson. Indeed, it is sensitive to any deviation from1184

the SM Higgs boson couplings provided that these deviations do not cancel overall. The full Run 11185

combination determines the global signal strength to be1186

µ = 1.09 ± 0.11 = 1.09 ± 0.07 (stat.) ± 0.04 (expt.) ± 0.03 (th.bkg.) ± 0.07 (th. sig.), (11.13)

where the statistical, experimental uncertainties as well as the theoretical uncertainties on the1187

background and on the signal are reported separately. The ATLAS Run 2 combination of the1188

global signal strength yields [198]:1189

µ = 1.06 ± 0.07 = 1.06 ± 0.04 (stat.) ± 0.03 (exp.) ± 0.02 (th.bkg.) +0.05
≠0.04 (th. sig.), (11.14)

while the CMS Run 2 combination yields [199]:1190

µ = 1.02 +0.07
≠0.06 = 1.02 ± 0.04 (stat.) ± 0.04 (th) ± 0.04 (exp.). (11.15)

DRAFT 30th August, 2023 1:03pm- Not for public distribution
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The measured coupling modifiers of the Higgs boson to fermions and heavy gauge bosons, observed by the

CMS Collaboration, as functions of fermion or gauge boson mass, where v is the vacuum expectation value

of the Higgs field. For gauge bosons, the square root of the coupling modifier is plotted, to keep a linear

proportionality to the mass, as predicted in the SM. The p-value with respect to the SM prediction is 37.5%.

Taken from The CMS Collaboration, “A portrait of the Higgs boson by the CMS experiment ten years after

the discovery,” Nature 607, no. 7917, 60-68 (2022) [arXiv:2207.00043 [hep-ex]].

The LHC favors a 
SM-like Higgs boson 

Nature 607, no.7917, (2022); 
[arXiv:2207.00092]; [arXiv:2207.00043]

Correlations between 
masses and couplings 
consistent with SM

H couplings to fermions and vector bosons

9

● Coupling modifiers k to quantify couplings 
deviations from SM predictions 

H couplings vs particle mass

○ Compatibility with SM within 10%

○ ~5✕ improvement wrt discovery

Likelihood scan of (kf, kV)

k μ =
 k

τ =
 k

b =
 k

t =
  

kZ = kW =  

○ Agreement with SM for 
masses within 0.1 - 200 GeV

Coupling to each particle
How: 

● All modifiers assumed to be positive
● Only SM particles in loop processes
● No invisible or undetected non-SM Higgs 

decays 
● Two setups: with and without κc to cope with 

low sensitivity 

Highlights:

SM compatibility (p-value): 
56% (κc=κt ) and 65% (κc free-floating)

Coupling precision: 

● Fermions (t, b, τ ): 7% -12% 
● Vector bosons (W, Z): 5%
● Upper limit on κc of 5.7 (7.6) x SM at 95% CL 

11Nature 607, 52–59 (2022)Paolo Francavilla - Higgs Hunting 2022

Correlation between masses and couplings consistent
with the Standard Model expectations

<latexit sha1_base64="PxsSYaRLQDPM1RnxDl13eTN+xgQ="></latexit>

ghff̄ =
mf

v
, ghV V =

m2
V

v

We are starting to get information on the second generation couplings !! 

H couplings with more general assumptions

10

Measurement assuming effective 
couplings for ggH, Hɣɣ, and HZɣ  

Assuming also H decays to 
invisible(≔missing pT) & undetectable 
(≔non-closure of other BR’s to unity) 

Stat. unc ≅ syst unc except for 
kμ and and kZɣ

Both invisible and undetectable 
BR’s compatible with zero

Generic coupling

How: Similar to previous setup with this time 
allowing for non-SM particles in loop processes, 
with effective coupling strengths. 

Two scenarios: with and without invisible and 
undetected non-SM Higgs decays. 

Highlights:

● SM compatibility (p-value): 61% (Binv = Bu = 0)
● Upper limits on Binv of 0.13 (0.08) and Bu of 

0.12 (0.21) at 95% CL 
○ To include Binv  and Bu one has to add some extra 

constraint (κV≤1 )

14Nature 607, 52–59 (2022)Paolo Francavilla - Higgs Hunting 2022

ATLAS and CMS Fit to Higgs Couplings
Departure from SM predictions of the order of

few tens of percent allowed at this point.

i =
ghii
gSMhin

H couplings with more general assumptions

10
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ATLAS and CMS Fit to Higgs Couplings
Departure from SM predictions of the order of

few tens of percent allowed at this point.

i =
ghii
gSMhin

Departures from SM 
predictions of the order of
several to few tens of 
percent allowed at this point

Starting to get info on 
the 2nd gen. couplings 



The Great Success of the Higgs boson at the LHC 
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+ higher order  EFT 
operators 

Non-Resonant H(bb)H(bb)

Motivations
o Probe the Higgs trilinear coupling
o VBF HH also sensitive to %2! (HHVV)
o Probe also potential BSM terms

Analysis feature & main selection
o Two AK8 jets, utilize 

DNN “ParticleNet”
X->bb tagger

May 19, 2022 21

CMS-B2G-22-003

Gluon Fusion (ggF) Vector boson fusion (VBF)
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ATLAS Higgs self-coupling results
• Higgs self-interaction can be measured via HH production

• 103 times more rare than single Higgs processes

• Allows us to probe the shape of the Higgs potential


• Many different channels analyzed

• Sensitivity better than 3x the SM

https://physics.aps.org/articles/v8/108

22

Phys. Lett. B 843 (2023) 137745

Non-Resonant H(bb)H(bb)

Motivations
o Probe the Higgs trilinear coupling
o VBF HH also sensitive to %2! (HHVV)
o Probe also potential BSM terms

Analysis feature & main selection
o Two AK8 jets, utilize 

DNN “ParticleNet”
X->bb tagger

May 19, 2022 21

CMS-B2G-22-003

Gluon Fusion (ggF) Vector boson fusion (VBF)
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• Combination of searches in 
bbττ, bbγγ and bbbb final 
states


• mX range: 251 GeV to 3 TeV


• Complementary sensitivity 
ranges of the three searches


• mX = 1.1 TeV


• 3.2 (2.1) local (global) 
significance

X→HH
Higgs boson pair production

14

bbγγ bbττ bbbb

DiHiggs overview: Marco Valente, Wed 10:30am

Karsten Köneke/26
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HH → bbττ and HH → bbbb

23

• Combine large BR & good signatures
- BRSM(HH → bbττ) = 7.4%  ⇒  ~320 events in 138 fb-1  
- BRSM(HH → bbbb) = 33%  ⇒  ~1400 events in 138 fb-1

bbττ bbbb boosted

σggF+VBF  
/σSM

<3.3 (5.2) <9.9 (5.1)

σVBF/σSM <124 (154) <728 (409)

0.62 < κ2V < 1.41  
(0.66 < κ2V < 1.37) @ 95% CL

HH

1428th February 2020 Katharine Leney

All HH decay 
modes covered, 

either by 
targeted 

analyses, or by 
multilepton 

analysis (covering 
multi-𝓁/τ/γ final 

states).

Gluon fusion   
σ = 31.05 fb 

Self-coupling, λ 

VBF 
σ = 1.726 fb 

VVHH coupling, c2V St
an

da
rd

 M
od

el
BS

M

Also X→SH (S = scalar, m≠125 GeV)

Close links with 
LHC-HH group 

re theory 
developments, 
and benchmark 

BSM models

-1.8 < κλ < 8.8  
(-3 < κλ < 9.9)  

@ 95% CL

   CMS-B2G-22-003 (submitted to PRL)

   CMS-PAS-HIG-20-010

⇒Currently best observed (expected) κλ limits from      bbττ+bbγγ combination: -1.0 < κλ < 6.6 (-1.2 < κλ < 7.2) 

⇒      bbγγ observed (expected) κλ limits: -3.3 < κλ < 8.5 (-2.5 < κλ < 8.2) [JHEP 03 (2021) 257]
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BSM models

HH → bbττ

HH → bbbb boosted

(all other couplings fixed to SM)

May 2022

March 2022

Di-Higgs production being probed at LHC

Explor: Do all fermions get their masses from the same Higgs field? What about lighter 
fermion couplings?  Do Higgs couplings conserve flavor/CP?

9

Possible flavor violation in Higgs decays

No hint from CMS, though :
<latexit sha1_base64="55h8F5H8J7jhObSK1p0Wu6TfHB0="></latexit>

BR(H ! ⌧µ, e) < 0.15%

There may be, of course, surprises

9

Possible flavor violation in Higgs decays

No hint from CMS, though :
<latexit sha1_base64="55h8F5H8J7jhObSK1p0Wu6TfHB0="></latexit>

BR(H ! ⌧µ, e) < 0.15%

There may be, of course, surprises

Possible flavor violation in Higgs decays (?) No hint from CMS, though:

Departures from flavor conserving 
couplings can be correlated with effects 
in flavor violating couplings

12

Double Higgs anomalous couplings
The limits on di-Higgs production cross section show a strong dependence on the kλ and k2v 

June  10-14, 2024 SUSY24
29

Nature 607 (2022) 60-68

-1.24 < kλ < 6.49
0.67 < k2v < 1.38

k2v ≠ 0
Existence of 
VVHH 
coupling

ATLAS-CONF-2024-006

k2v ≠ 0
Existence of
VVHH coupling

12

Double Higgs anomalous couplings
The limits on di-Higgs production cross section show a strong dependence on the kλ and k2v 

June  10-14, 2024 SUSY24
29

Nature 607 (2022) 60-68

-1.24 < kλ < 6.49
0.67 < k2v < 1.38

k2v ≠ 0
Existence of 
VVHH 
coupling

ATLAS-CONF-2024-006ATLAS-CONF-2024-006



• The SM Higgs potential is unstable 
     – catastrophic runaway at some point
• Scalar’s masses are associated with quadratic divergences 

The Higgs sector open questions

Marcela Carena | BSM Overview12

v In the SM, the Higgs potential is fixed by hand to give EWSB

Trusting the SM up to the Planck scale
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V(H) = �m
2|H|2 + �|H|4

There is no explanation for how the Higgs mass parameter and self-coupling are determined

Radiative Breaking (like in Supersymmetry) or Compositeness

• What was the history of the electroweak phase transition?
We need to understand its dynamics

• What is behind the EWSB mechanism?

v The Higgs field can give mass to all known matter particles, but calls for an explanation of           
the mass hierarchies 

v  It hints at but does not explain Baryogenesis, Dark Matter/Sector portals, and possibly Inflation



Precision Higgs measurements at the HL-LHC: (circa 2040) 
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HL-LHC (3 ab-1 @ 14TeV): 
Expected ~ 2-4%  precision for most Higgs couplings  
Higgs self-coupling only at 50% accuracy 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Expected uncertainty
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Figure 1. Projected uncertainties on ki, combining
ATLAS and CMS: total (grey box), statistical (blue),
experimental (green) and theory (red). From Ref. [2].

These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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With 30 times more data at slightly higher energies 
A powerful tool to explore new physics needed to 

explain many particle physics topics
This could include other Higgs bosons, new particles, 

new forces, and connections with invisible sectors
 



• Can play a role in the dynamics of the Higgs potential – hence EWSB -
• Can help stabilize the SM Higgs potential
• Can be portals for Dark Matter
• Can play a role in generating light fermion masses 

• Provide a strong first order EW phase transition
• Provide new sources of CP violation

• Additional scalars, although associated to quadratic divergences - as the Higgs itself-
   can also connect with quartic divergences and explanations of Dark Energy and Inflation 
    

More scalars beyond the Higgs boson, motivated by many puzzles
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Electroweak 
Baryogenesis ?



CP violation: questions and opportunities
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SU(3)c x SU(2)L x U(1)Y è SU(3)c x U(1)em v The SM is build based on symmetries

What about CP Symmetry? 

• In the weak sector, direct CP violation is naturally built in the quark mixing matrix 
and observed in K, D and B meson decays 

Postulate a pseudoscalar light particle- QCD Axion, also a good DM candidate

• In strong interactions, there is no signal of CP violation, BUT there is no reason to 
impose this symmetry in QCD

     Strong CP Problem: the experimental upper limit on the neutron EDM implies that  
     ΘQCD should be extremely small, why?

CPV in the quark sector is not sufficient to explain baryogenesis
CPV can be present in the lepton sector, to be proved at DUNE and may be elsewhere, 
can help explain leptogenesis



Symmetries and Neutrinos: 
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v The SM is build based on symmetries: What if the gauge symmetries and the fermion 
content get unified? One could expect:

v Neutrinos are also suggesting opportunities beyond their mass generation:
• Neutrinos, being weakly interacting neutral fermions, can mix with steriles with 

many possible origins, e.g., the dark matter 
• Possible exotic properties of neutrinos less constrained than other SM particles
• Can provide a window to new physics at very high energies

In fact, there are currently several puzzling neutrinos 
anomalies, in particular the MiniBooNE low energy excess, 
following on LSND results - 

• Gauge coupling unification modulo effects from heavier stuff
• Proton decay
• 3-Neutrino see-saw mass generation with possibility of leptogenesis 
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Massive Neutrinos 2024 Concha Gonzalez-Garcia

∆m2
3l in LBL & Reactors

• At LBL determined in νµ and ν̄µ disappearance spectrum

∆m2
µµ ≃ ∆m2

3l +
c212∆m2

21 NO

s212∆m2
21 IO

+ . . .

• At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in ν̄e disapp spectrum

∆m2
ee ≃ ∆m2

3l+
s212∆m2

21 NO

c212∆m2
21 IO

Nunokawa,Parke,Zukanovich (2005)

⇒ Contribution to NO/IO from combination of LBL with reactor data
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• in NO: b.f δCP ∼ 195◦ ⇒ CPC allowed at 0.6 σ

• in IO: b.f δCP ∼ 270◦ ⇒ CPC disfavoured at 3 σ
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Neutrinos at many energy scales
• The origin of the tiny neutrino masses and of neutrino mixings is         a 

great mystery

• The dominant paradigm for explaining neutrino masses requires the 
existence of new heavy electroweak singlet leptons

But the energy scale of these heavy neutral leptons is not specified

• Heavy neutral leptons more generally could be connected to   
other mysteries, e.g. can be portals to the dark sector

• Neutrino CP violation could be the origin of the matter antimatter 
asymmetry; Low-scale leptogenesis is a viable possibility

   
T2K and NoVa working towards the question of CP-violation, 
entangled with the question of mass ordering.
in NO: b.f δCP ∼ 195◦ ⇒ CPC allowed at 0.6 σ
in IO: b.f δCP ∼ 270◦ ⇒ CPC disfavored at 3 σ



Lepton flavor opportunities

Marcela Carena | BSM Overview21

What about LFV in the charged lepton sector?
Could be new particles that couple differently to electrons/muons/taus
• new gauge bosons, new scalars, leptoquarks - new type of particles appearing in 

extended symmetries of nature-  or squarks in special types of supersymmetry 

In the quark sector no compelling evidence for flavor effects beyond CKM

Have we already seen such effects?
• The muon g-2 anomaly :
     

Mu2e Fermilab experiment will provide a huge jump in sensitivity to some possible effects20

Muon g-2 :  Comparison of BMW lattice computation
with data driven method to fix hadronic contributions

Z. Fodor ‘ 21

In the following, I will take the 4.2 sigma discrepancy seriously.
This question will be clarified within the next few years.

Can they be reconciled ? arXiv:2002.12347N. Coyle, C.W. ‘23

4.2 (5.1) standard deviation 
from SM expectation
Lattice theory calculations 
under scrutiny

21

Updated result in 2023

17

arXiv:2104.03281 arXiv:2308.06320

Central Value did not change, experimental error decrease by a factor 1.6.   
Taken at face value, discrepancy increased to 5.1 sigma.

arXiv:2308.06320
arXiv:2104.03281



What do we know about Dark Matter ?
• Couples gravitationally
• It is the most abundant form of matter 
 

   

- very little -

From 
MACHOs 
searches

Too small 
mass
⇒ won’t “fit” 
in a galaxy!

We have evidence from many scales at many times 
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What do we know about Dark Matter ?
• Couples gravitationally
• It is the most abundant form of matter
• It can be part of a larger invisible/dark sector with new dark forces
• It must be made of something different that all the particles we know, it can be made 

of particles or compact objects, or better described as wavelike disturbances
• Its mass can be anything from as light as 10−22 eV to as heavy as primordial black 

holes of tens of solar masses

- very little -

From 
MACHOs 
searches

Too small 
mass
⇒ won’t “fit” 
in a galaxy!

Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

DM Prognosis?

7

Folding in assumptions about early  
Universe cosmology can provide some guidance

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal
mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 
12

Hidden Sector
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Beyond the SM theories with DM Candidates

Theories of 
Dark Matter

mSUGRA

R-parity
Conserving

Supersymmetry

pMSSM

R-parity
violating

Gravitino DM

MSSM NMSSM

Dirac
DM

Extra Dimensions

UED DM

Warped Extra 
Dimensions

Little Higgs

T-odd DM

5d

6d

Axion-like Particles

QCD Axions

Axion DM

Sterile Neutrinos

Light
Force Carriers

Dark Photon

Asymmetric DM

RS DM

Warm DM

?

Hidden
Sector DM

WIMPless DM

Littlest Higgs

Self-Interacting
DM

Q-balls

T Tait

Solitonic DM

Quark
Nuggets

Techni-
baryons

Dynamical 
 DM

Some of them embedded 
in theories proposed to 
solve other problems 
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Entering a new era in the search for Dark Matter:
through important advancements in cosmological, astrophysical and terrestrial probes

Gravitational Interactions
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Over next few decades, important advancements in both astrophysical and 
terrestrial probes will test WIMPs and Hidden Dark Sectors
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Over next few decades, important advancements in both astrophysical and 
terrestrial probes will test WIMPs and Hidden Dark Sectors

Small-Scale Structure 
needs to be better 

understood 

Axions from the Sun, the galactic Halo 
or created at the lab, can resonantly 
convert to a detectable photon 

Page 14

How to look: three kinds of light-shining-through-walls

ALPs in the lab | ESPP Symposium Granada, 14  May 2019 | Axel Lindner

Pros and cons

The three approaches complement each other:
combination of results may enable to distinguish between models!

ALP parameter LSW (laboratory) Helioscopes Haloscopes

Source region Lab (vacuum) Dense plasma Cosmology

Parity and spin yes perhaps yes

Coupling gaγγ yes no no

Coupling · flux (does not apply) yes yes

Mass perhaps perhaps yes

Electron coupling no yes no

Rely on astrophysical
assumptions no yes yes

QCD axion no (?) yes yes
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Entering a new era in exploring the Dark Sector:

Portal

Portals can be the Higgs itself or Feeble Interacting Particles (FIPs):
Dark photon, Dark Higgs, Heavy Neutral Leptons, Axion-like particles, Millicharged particles

Accelerator based searches for MeV-GeV dark matter with lepton or proton beams 

From 
MACHOs 
searches

Detector

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e � EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e � EB

e�
��̄

Invisible

A
� Production in Target

A0

Z

e�

e�

�

�A0

Tagger
Ebeam

e�

ECAL/HCAL

Target

Tracker

Ef
e � Ebeam

e�
��̄

Invisible

�1
�2

�1

A0/� A0/�

n
n

n

�1
�2

�1

A0/� A0/�

n
n

n

3

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

DM Scattering in Detector

e
�

e
�

A
�

� �

np

b)

W

e �e

ee

b)

�

e e

b)

A0

Z

� �

b)

��

Hadrons
e.g. (ep � �+n)

e e

FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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The beam is the signal, don’t observe DM

Mediator Decays to DM :  Missing Energy/Momentum

Rate / g2SM

Ebeam

Eout ⌧ Ebeam

Nearby

�

 5

Fixed target: Missing Energy/Momentum

Too small 
mass
⇒ won’t “fit” 
in a galaxy!

2

To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0
µ⌫B

µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-
dan, change this sentence once we know which one
gives us the best sensitivity. –yk) (With the recoil
cuts we have to impose to avoid neutrinos, I be-
lieve the answer is electron recoils, but I need to
do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1
The A0

can acquire mass either through a Stückelberg field or a

dark Higgs.
2
Throughout this paper, we focus on the region of parameter

space where the A0
primarily decays into dark matter rather

than visible-sector particles, namely gD > ✏e.
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FIG. 10: a) Scalar DM pair production from electron-beam
collisions. An on-shell A0 is radiated and decays o↵ diagonally
to 'h,� pairs. b) Inelastic up scattering of the lighter '� into
the heavier state via A0 exchange. For order-one (or larger)
mass splittings, the metastable state promptly de-excites in-
side the detector via 'h ! '�e

+e�. The signal of interest is
involves a recoiling target with energy ER and two charged
tracks to yield a instinctive, zero background signature.

FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET
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sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
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on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)
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To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0
µ⌫B

µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-
dan, change this sentence once we know which one
gives us the best sensitivity. –yk) (With the recoil
cuts we have to impose to avoid neutrinos, I be-
lieve the answer is electron recoils, but I need to
do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1
The A0

can acquire mass either through a Stückelberg field or a

dark Higgs.
2
Throughout this paper, we focus on the region of parameter

space where the A0
primarily decays into dark matter rather

than visible-sector particles, namely gD > ✏e.
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II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,
check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
averaged over photon spins, is
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where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
✓

1 � m2
A0

m2
⇡0

◆3

Br(⇡0 ! ��), (6)

valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-
erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the

LLP decay
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a small portion coming from bremsstrahlung in the tar-
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where the A0 can be either on- or o↵-shell depending on
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via the operator1

L =
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Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via
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where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
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gives us the best sensitivity. –yk) (With the recoil
cuts we have to impose to avoid neutrinos, I be-
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do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.
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the heavier state via A0 exchange. For order-one (or larger)
mass splittings, the metastable state promptly de-excites in-
side the detector via 'h ! '�e

+e�. The signal of interest is
involves a recoiling target with energy ER and two charged
tracks to yield a instinctive, zero background signature.

FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,
check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
averaged over photon spins, is

h|A⇡0!���̄|2i =
✏2↵2

D↵2

⇡f2
⇡ [(s�m2

A0)2 + m2
A0�2

A0 ]

h
(s� 4m2

�)
�
m2

⇡0 � s
�2 � 4s(p · k1 � p · k2)2

i
,(4)

and if � is a Dirac fermion, this expression is

h|A⇡0!� ��̄|2i =
4✏2↵2

D↵2

⇡f2
⇡ [(s�m2

A0)2 + m2
A0�2

A0 ]

h
(s + 2m2

�)
�
m2

⇡0 � s
�2 � 8s(p · k1)(p · k2)

i
,(5)

where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
✓

1 � m2
A0

m2
⇡0

◆3

Br(⇡0 ! ��), (6)

valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-
erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the

LLP decay
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Procedure to probe for Dark Photon, Scalar, Vector and Neutrino portals

e.g

 3

Beam dump 
The electron or muon beam is the signal 
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(e. g. NA62++, SHiP)
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WIMP Direct Detection Searches  

Marching down to the Neutrino Floor
Figure 4: Sensitivity projections (90% CL) for spin-independent WIMP-nucleon scattering. The neutrino floor is
defined as in Fig. 3 and shown for different targets. Shown are projections from ARGO [360], CRESST, CYGNUS
(1000m3) [356], DAMIC-M [327], DarkSide-20k [360], DARWIN [242, 251], EDELWEISS [358], LZ [241],
NEWS-G (ECUME) [334], PandaX-4t [278], SuperCDMS [359], T-REX [336], XENONnT [283] along with the
envelope of the current results from Fig. 3.

neutrino-induced backgrounds. The ultimately lower background achievable in argon experiments due
to the pulse-shape discrimination of ERs allows a better discovery potential for higher WIMP mass,
see Fig. 5. The discovery potential at lower mass is better in xenon experiments thanks to their much
lower experimental energy threshold. When operated in charge-only mode, the large liquid noble gas
TPCs also have a good sensitivity in the low mass region below ⇠5GeV/c

2, however, the discovery
potential is superior for the dedicated low-mass searches using bolometers and crystals thanks to their
lower backgrounds and energy thresholds.

It is important to emphasise that the whole spectrum of direct WIMP searches with all its com-
plementary approaches, targets and search channels cannot be put into one common figure. Experi-
ments with targets containing 19F are needed to optimally probe spin-dependent WIMP-proton coup-
lings. Xenon targets (129Xe, 131Xe) are required to test spin-dependent WIMP-neutron couplings with
the highest sensitivity, however, there are a number of isotopes which can also provide excellent res-
ults in one or/and the other channel (e.g., 7Li, 17O, 23Na, 27Al, 29Si, 73Ge, 127I, 183W). The search
for signatures of inelastic scattering requires a low background in both, NR and ER (before rejection),
channels; an additional excellent energy resolution will allow for an optimal characterisation of the pro-
cess. Interactions of DM particles in the mass range of O(1 � 100)MeV/c

2 are best searched for by
detectors with a sensitivity to single electrons, e.g., Si CCDs, Ge bolometers or liquid noble gas TPCs in
charge-only mode. Other models introduce different coupling between DM and protons vs. neutrons to
explain the apparent tension between DM claims and limits (e.g., [188]): in such a "xenophobic" model,

48

neutrino floor:” both ν-N and ν-e backgrounds 

Need a broad program for discovery and 
characterization of the dark sector, and to 
understand how it connects to the other 
unknowns of HEP

Many model specific searches of DM production at accelerator base exp. (LHC/beam dump/etc)
Snowmass Cosmic Frontier Report, arXiv:2211.09978

APPEC - arXiv:2104.07634

Marcela Carena | BSM Overview



Marcela Carena | BSM Overview30

• Challenging experimental program since we are trying to detect particles in a mass 
range that spans 90 orders of magnitude; we don’t know how they interact - other 
than gravitationally - and we don’t know how many kinds there are or whether they 
are accompanied by other dark sector particles

• The current dark matter program is just scratching the                                      
surface of the much broader program that we may need

• If we are lucky and get direct detection or accelerator                                  
production of dark matter, we will want to move                                                   
aggressively to experiments for further characterization                                              
of the dark sector

• In all scenarios we will need to develop much more advanced sensors 

• Next generation lab experiments can be complemented by                                           
new/better results from telescopes or space-based probes

Dark Matter Outlook 



• CMB observations provide the most direct access to inflation, and inform us about 
neutrino mass, Neff (light relics), dark energy and the Hubble constant

• Cosmic surveys study dark energy/modify gravity, dark matter (gravitational and non-
gravitational interactions), neutrinos and inflation through various probes of the geometry, 
expansion history and structure of the universe. They also tell us where to look for 
indirect dark matter signals

• Gravity Waves are a probe of phase transitions (e.g inflationary and electroweak) and 
dark matter

Cosmological probes 
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Snowmass2021 Cosmic Frontier: CMB Measurements White Paper

Inflation: mr

Light Relativistic
Species: 6Neff

(95% upper limit)

Neutrino Masses:
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0.1
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Detect or rule out the
simplest and most 
compelling classes of 
inflationary models.

Detect or rule out all 
light relativistic particles 
that decoupled after 
the start of the QCD 
phase transition.

Detect or place a
stringent limit on the 
neutrino mass sum.
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500,000 detectors
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with sensitivity 
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Figure 4: Illustration of the “Stage” classification of CMB experiments. Bottom: The size
and sensitivity (i.e. survey weight) of a CMB experiment scales with the number of single-
moded detectors. “Stage 2” experiments have O(1000) detectors, “Stage 3” experiments
have O(10,000) detectors and “Stage 4” experiments have O(100,000) detectors. Top: The
increased sensitivity of the larger experiments results in greater science reach with “Stage
4” experiments crossing several scientific thresholds.

noise for an individual CMB detector is the shot noise of the absorbed photons which
come from the cryostat, the sky signal, and, for terrestrial observations, the atmosphere.
These photon fluctuations fundamentally limit additional improvements of individual
detector sensitivity—increasing the sensitivity for a CMB instrument requires increasing
the number of detectors. This connection between the size of the detector payload and
the overall instrument sensitivity provides a general framework for categorizing CMB
experiments. Over the past decade, the community has classified ground-based instru-
ments into “Stage 2” (O(1000) detectors), “Stage 3” (O(10,000) detectors) and “Stage 4”
(O(100,000) detectors) experiments. Figure 4 illustrates the connection between the size
of the experiment and its scientific reach.

Currently, the field of ground-based CMB is in “Stage 3” and transitioning to “Stage
4.” In this section, we review the present-day landscape of CMB-experiments and then
the facilities coming online in the next few years. Figure 5 presents a current timeline
for CMB experiments from 2020–2040 and shows, for ground-based instruments, the in-
creasing experiment and collaboration size and the corresponding consolidation of the

9

CMB exp.
Snowmass Cosmic Frontier arXiv:2203.07638

In Fig. (11), we show the GW signals calculated for the benchmark points satisfying all
the considerations discussed in previous sections and the comparison to the sensitivities of
various proposed GW detectors covering the relevant frequency range [51]: LISA, DECIGO,
BBO, Einstein Telescope (ET), MAGIS-100 and MAGIS-Space [52, 53], and AEDGE [54].
The peaks of our GW signals occur between 10≠4

≠ 10 Hz, which can be covered by LISA,
AEDGE, DECIGO and BBO. GW signals for benchmarks shown in the plot are strong
enough to be observed by these detectors based on evaluations presented above. Note
that our approach of treating the bubble wall velocity as a free parameter would introduce
uncertainties to the GW signature calculations, as it should be determined by the specific
phase transition dynamics. There are also alternative calculations [55–57] which takes into
account the expansion of the Universe and the finite lifetime for the sound waves. Such
calculations in general yield weaker signal strengths and lower peak frequencies than our
current approach [49]. More investigation addressing such theoretical uncertainties is needed
to be conclusive, which we will leave for future studies.

Figure 11: Gravitational wave signals of the SFOEWPT from benchmark points generating
the observed baryon asymmetry, the dark matter relic abundance, and satisfying all
phenomenological constraints with ma < mh/2 (dark green curves) and ma > mh/2 (light
green curves). The power-law integrated sensitivity curves for LISA, MAGIS-100, MAGIS-
Space, AEDGE, DECIGO, BBO, and ET are shown for comparison.

6 Conclusions

In this work we focus on studying the anatomy of the electroweak phase transition
for a recently proposed novel mechanism for electroweak baryogenesis, where the new
required source for CP violation resides in a dark sector. Introducing dark CP violation
for a successful EWBG evades the stringent constraints imposed by measurements of

– 29 –

M.C., Y.Y Li, Ou and Wang, JHEP 02 (2023) 139

GW from PT form dark CPV for EWBG
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HEP: what may be happing through the next 2 decades



33

Higgs/EWSB landscape in the light of HL-LHC
It will have been running with upgraded detectors                                                                    --
-- there are proposals to add new detectors --
Many discoveries or “evidence for” possible by the time of the mature HL-LHC dataset
• Higgs cousins of many types with many possible implications
• Higgs portal/s to the dark sector
• Feebly-interacting particles, long-lived particles, MET signatures
• New heavy fermions, heavy gauge bosons, superpartners
• Evidence that Higgs boson is composite
• Higgs flavor violation, Higgs flavor anomalies, Higgs CP violation
• And more

Marcela Carena | BSM Overview

The items on the discovery list are all very challenging, 
so no surprise that they have not been discovered yet
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Higgs/EWSB landscape in the light of HL-LHC
It will have been running with upgraded detectors                                                                    --
-- there are proposals to add new detectors --
Many discoveries or “evidence for” possible by the time of the mature HL-LHC dataset
• Higgs cousins of many types with many possible implications
• Higgs portal/s to the dark sector
• Feebly-interacting particles, long-lived particles, MET signatures
• New heavy fermions, heavy gauge bosons, superpartners
• Evidence that Higgs boson is composite
• Higgs flavor violation, Higgs flavor anomalies, Higgs CP violation
• And more
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Future Colliders : CEPC? ILC, CLIC ? FCCee, FCChh ? Muon Collider ?
They will mostly probe new physics indirectly
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A powerful global program with potential for many surprises 

Marcela Carena | BSM Overview

• SBN results will make a definite statement about the MiniBooNE anomaly and its possible 
BSM interpretations – a variety of discoveries possible

• Mass ordering may be known at 5 sigma from global fits including NOvA, T2K, KM3NeT, 
JUNO, but only if no tension in the combined data; CP violation will still be uncertain

• DUNE, HyperK, and other neutrino expt. mature results, could discover CP violation, 
anomalies in oscillation physics, light and boosted dark matter, heavy neutral leptons, ...

• Muon g-2 unambiguous endgame:
     - The experimental value already is in solid grounds and will be even more precise; J-PARC                   
        muon g-2/EDM experiment will have an independent measurement
     - The theory prediction will not be in doubt
     - if confirmed, it will require new particles and/or forces
     - Other experiments, e.g. LHC, beam dump (NA62, run1 of SHIP), and missing momentum     
       exp., Belle2, CMB-S4, will narrow the posibilities
 

Neutrinos, Charged Lepton and Quark Flavor
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A powerful global program with potential for many surprises 

Marcela Carena | BSM Overview

Neutrinos, Charged Lepton and Quark Flavor

Mu2e will be running and could have an emerging discovery of lepton flavor violation

Muon or electron EDMs may yield surprises...

Mature B physics results from BELLE II, LHCb, ATLAS/CMS, etc: discoveries and/or 
anomalies?

Lattice and perturbative QCD accuracy at the sub-percent level for all SM predictions 
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Dark Sector and Cosmic
• G2 and G3 direct dark matter searches will be done, could have discovered one or more 

kinds of DM particles

• A full and varied slate of dark matter new initiatives for light DM completed: any discovery? 

• Fixed target accelerator-based experiments completed: did we discover anything?

• Confirmed indirect DM signals? 

• Rubin/LSST will be completed, CMB-S4 completed (Chile site only?) or nearly so, next-
generation spectroscopic survey will be in operation è could yield discoveries/evidence for
§ Primordial B-modes; energy scale and other features of cosmic inflation
§ Dark energy is dynamical
§ Dark matter properties (e.g. self-interaction)
§ Source of the current Hubble tension
§ Neutrino masses
§ Better measurement of Neff 

Marcela Carena | BSM Overview

In every discovery scenario we will need new collider experiments to fill out the whole story! 
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Some observations

• The ongoing broad HEP program, centered on elucidating fundamental mysteries 
of our universe and profiting from the rapid technology advancements to explore 
revolutionary ideas, will provide an exciting scientific environment in 2045 - at the 
dawn of the FCC-ee era.

• The HEP program should include new directions that expand the intellectual 
boundaries, both to maximize discoveries and make the science connections we 
will need to make sense out of discoveries

• With so much discovery potential in the coming decade, we should be planning 
for success, being ambitious, but realistic about timescales, 

• An exciting field with multiple Noble Prize worthy discoveries can provide the 
momentum to launch new initiatives

Marcela Carena | BSM Overview
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Extra: FCC-ee Opportunities for BSM physics
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FCC-ee Unique Opportunities for Precision and Exploration

C. Grojean

FCC - PED Feasibility Study: Physics Case

23

FCC-ee: a great Higgs factory, and so much more

5

Physics landscape at the FCC-ee

Higgs
factory

mH, σ, ΓH
self-coupling

H→ bb, cc, ss, gg
H→inv
ee→H

H→bs, .. 

QCD - EWK 

mZ , ΓZ , Γinv

sin2θW , RZ
𝓁 , Rb, Rc

AFB
b,c , 𝞽 pol.

αS ,

mW, ΓW

Top

mtop, Γtop, ttZ, FCNCs

Flavor

CKM matrix
CPV measurements

Charged LFV
Lepton Universality

𝞽 properties (lifetime, BRs..)

Bc → 𝞽 ν
Bs → Ds K/π
Bs → K*𝞽 𝞽
B→ K* ν ν

Bs → φ v v … 

BSM

Heavy Neutral Leptons 
(HNL)

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays  

most precise SM test“boosted” B/D/𝞽 factory: feebly interacting particles

Jan. 29 2024

C. Grojean & P. Janot US FCC, April 24, 202312

FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

from the CDR— Superb statistics achieved in only 15 years —  

LEP1 data accumulated in every 2 mn. Then exciting & diverse programme with different priorities every few years.

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- ! Z   
WW threshold Ecm ³ 161 GeV 2yrs >108      e+e- !WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ! ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- ! H  

`tt   Ecm : ³ 350 GeV 5yrs 106        e+e- !`tt

notes:
-- 4IP  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt

To
tal

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

(order of the different stages still subject to discussion/optimisation)

in each detector:  
105 Z/sec, 104 W/hour,  

1500 Higgs/day, 1500 top/day 

Baseline scenario with 2IPs (from CDR)
q Numbers of events in 15 years, tuned to maximise the physics outcome

u Exact durations depend on a number of factors (to be studied by the FCCC in 2048-2063)
l Overall duration: Are the FCC-hh magnets ready ? New physics in FCC-ee data ? 
l Step duration: What is the actual luminosity at each √s? How many IPs?  Alternative physics optimization?

u Exact sequence of events is a multi-faceted issue (which can also be decided later)
l RF installation defines the easiest technical and funding profiles (lowest √s ➝ highest √s)
l The overall physics outcome, however,  is independent of the exact sequence

è Higgs and top final precisions need EW and QCD measurements at the Z pole and the WW threshold; 
è Global electroweak EFT fit requires precise top mass and Higgs couplings

l Only two serious constraints
è Top must come last (RF system significant modification, which cannot be easily undone); 
è s-channel H cannot come before ZH (mH) and Z (RDP and monochromatisation must be run routinely) 8

ZH maximum        √s ~ 240 GeV 3 years 106      e+e-➝ ZH
`tt  threshold √s ~ 365 GeV 5 years 106       e+e-➝`tt
Z peak √s ~   91 GeV 4 years 5 x 1012     e+e-➝ Z
WW threshold+    √s ³ 161 GeV 2 years > 108        e+e-➝ W+W-

[s-channel H            √s = 125 GeV 5? years ~5000    e+e-➝ H125 ]

Never done
Never done
LEP x 105

LEP x 103

Never done

2 MeV
5 MeV 

< 50 keV
< 200 keV
< 100 keV

√s uncertainty Event statistics (with 2 IPs, x1.7 for 4 IPs now official baseline)

TeraZ will provide 
~1012 b pairs and 1.7 1011 τ pairs



• LHC and future HL-LHC measurements will confirm SM expectations at the 2-4 % level 
for couplings to gauge bosons, 3rd gen. fermions plus 2nd gen. charged leptons

• FCC-ee programme:
-- can measure Higgs production inclusively as a recoil in e+e-à HZ, yielding an       
    absolute measurement of the HZZ coupling and a model independent extraction of ΓH

Higgs Measurements: an exploration tool at FCC-ee
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Table 4.2 Precision determined in the κ framework of the Higgs boson
couplings and total decay width, as expected from the FCC-ee data,
and compared to those from HL-LHC [18] and other e+e− colliders
exploring the 240-to-380 GeV centre-of-mass energy range. All num-
bers indicate 68% CL sensitivities, except for the last line which gives
the 95% CL sensitivity on the “exotic” branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accu-
racies are subdivided in three categories: the first sub-column give the

results of the model-independent fit expected with 5 ab−1 at 240 GeV,
the second sub-column in bold – directly comparable to the other col-
lider fits – includes the additional 1.5 ab−1 at

√
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC.
The fit to the HL-LHC projections alone (first column) requires two
additional assumptions to be made: here, the branching ratios into cc̄
and into exotic particles are set to their SM values

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab−1) 3 2 1 3 5 5240 + 1.5365 +HL-LHC

Years 25 15 8 6 7 3 + 4

δ#H/#H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1

δgHZZ/gHZZ (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16

δgHWW/gHWW (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40

δgHbb/gHbb (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56

δgHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18

δgHgg/gHgg (%) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90

δgHττ/gHττ (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67

δgHmm/gHµµ (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8

δgHγγ/gHγγ (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3

δgHtt/gHtt (%) 3.4 – – – – – – 3.1

BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

In addition to the unique electroweak precision measurement programme presented earlier, the FCC-ee provides the best
model-independent precisions for all couplings accessible from Higgs boson decays among the e+e− collider projects at the
EW scale. With larger luminosities delivered to several detectors at several centre-of-mass energies (240, 350, and 365 GeV),
the FCC-ee improves on the model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is
therefore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e+e− centre-of-mass energy
upgrade. The FCC-ee also determines the Higgs boson width with a precision of 1.3%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e− colliders at the EW scale are limited by
the precision with which the HZ or the WW fusion cross sections can be measured, i.e., by the luminosity delivered either at
240–250 GeV, or at 365–380 GeV, or both.

4.2.2 The top Yukawa coupling and the Higgs self-coupling

Several Higgs boson couplings are not directly accessible from its decays, either because the masses involved, and therefore
the decay branching ratios, are too small to allow for an observation within 106 events – as is the case for the couplings to
the particles of the first SM family: electron, up quark, down quark – or because the masses involved are too large for the
decay to be kinematically open – as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling.
Traditionally, bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-mass energy, either
in e+e− or in proton–proton collisions. The tt̄H production has already been detected at the LHC with a significance larger
than 5σ by both the ATLAS [79] and CMS [80] collaborations, corresponding to a combined precision of the order of 20%
on the cross section and which constitutes the first observation of the top-quark Yukawa coupling. The role FCC-ee can play
in measuring the Higgs self-coupling is discussed in detail in Sect. 10.

The precise determination of the top Yukawa coupling to ± 5% is often used as another argument for e+e− collisions at
a centre-of-mass energy of 500 GeV or above. This coupling will, however, be determined with a similar or better precision
already by the HL-LHC (± 3.4%, model dependent), and constrained to ± 3.1% through a combined model-independent fit
with FCC-ee data (Table 4.2). The FCC-ee also has access to this coupling on its own, through its effect at quantum level on
the tt̄ cross section just above production threshold,

√
s = 350 GeV. Here too, the FCC-ee measurements at lower energies

are important to fix the value of the strong coupling constant αS (Sect. 3.2). This precise measurement allows the QCD effects
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Table 4.2 Precision determined in the κ framework of the Higgs boson
couplings and total decay width, as expected from the FCC-ee data,
and compared to those from HL-LHC [18] and other e+e− colliders
exploring the 240-to-380 GeV centre-of-mass energy range. All num-
bers indicate 68% CL sensitivities, except for the last line which gives
the 95% CL sensitivity on the “exotic” branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accu-
racies are subdivided in three categories: the first sub-column give the

results of the model-independent fit expected with 5 ab−1 at 240 GeV,
the second sub-column in bold – directly comparable to the other col-
lider fits – includes the additional 1.5 ab−1 at

√
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC.
The fit to the HL-LHC projections alone (first column) requires two
additional assumptions to be made: here, the branching ratios into cc̄
and into exotic particles are set to their SM values

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab−1) 3 2 1 3 5 5240 + 1.5365 +HL-LHC

Years 25 15 8 6 7 3 + 4

δ#H/#H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1

δgHZZ/gHZZ (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16

δgHWW/gHWW (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40

δgHbb/gHbb (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56

δgHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18

δgHgg/gHgg (%) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90

δgHττ/gHττ (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67

δgHmm/gHµµ (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8

δgHγγ/gHγγ (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3

δgHtt/gHtt (%) 3.4 – – – – – – 3.1

BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

In addition to the unique electroweak precision measurement programme presented earlier, the FCC-ee provides the best
model-independent precisions for all couplings accessible from Higgs boson decays among the e+e− collider projects at the
EW scale. With larger luminosities delivered to several detectors at several centre-of-mass energies (240, 350, and 365 GeV),
the FCC-ee improves on the model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is
therefore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e+e− centre-of-mass energy
upgrade. The FCC-ee also determines the Higgs boson width with a precision of 1.3%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e− colliders at the EW scale are limited by
the precision with which the HZ or the WW fusion cross sections can be measured, i.e., by the luminosity delivered either at
240–250 GeV, or at 365–380 GeV, or both.

4.2.2 The top Yukawa coupling and the Higgs self-coupling

Several Higgs boson couplings are not directly accessible from its decays, either because the masses involved, and therefore
the decay branching ratios, are too small to allow for an observation within 106 events – as is the case for the couplings to
the particles of the first SM family: electron, up quark, down quark – or because the masses involved are too large for the
decay to be kinematically open – as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling.
Traditionally, bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-mass energy, either
in e+e− or in proton–proton collisions. The tt̄H production has already been detected at the LHC with a significance larger
than 5σ by both the ATLAS [79] and CMS [80] collaborations, corresponding to a combined precision of the order of 20%
on the cross section and which constitutes the first observation of the top-quark Yukawa coupling. The role FCC-ee can play
in measuring the Higgs self-coupling is discussed in detail in Sect. 10.

The precise determination of the top Yukawa coupling to ± 5% is often used as another argument for e+e− collisions at
a centre-of-mass energy of 500 GeV or above. This coupling will, however, be determined with a similar or better precision
already by the HL-LHC (± 3.4%, model dependent), and constrained to ± 3.1% through a combined model-independent fit
with FCC-ee data (Table 4.2). The FCC-ee also has access to this coupling on its own, through its effect at quantum level on
the tt̄ cross section just above production threshold,

√
s = 350 GeV. Here too, the FCC-ee measurements at lower energies

are important to fix the value of the strong coupling constant αS (Sect. 3.2). This precise measurement allows the QCD effects
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With σHZ and ΓH  known, FCC-ee 
programme aims at measuring Higgs 
couplings (in non-rare decays) at 
percent to sub-percent level

C. Grojean

Higgs
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FCC-ee = best Higgs factory

what can be achieved at the HL-LHC. Deeper and broader than any other Higgs factory project498

considered at the moment, and in a record time, the FCC-ee will bring the Higgs programme into499

a sub-per-cent precision area (see Table 3 for a summary). These phenomenological projections500

are now being confirmed by more detailed experimental studies [48–50] taking into account more501

realistic detector set-ups. Further directions in the Higgs precision programme also need to be more502

systematically investigated beyond what was done so far, in particular in the context of specific503

flavour scenarios or considering BSM sources of CP violation. Progress is anticipated on these504

fronts by the end of the feasibility study. In this document, instead, the benefit of the interplay505

between Higgs and electroweak measurements, a specificity of the FCC-ee, will be emphasised. It506

was not discussed in details in the FCC CDR [6, 7], but has been studied afterwards [46, 47]. The507

conclusions reached are summarised and further recent explorations performed are presented.508

Table 3 Expected 68%CL relative precision (%) of the  parameters for future accelerators
beyond the LHC era (the HL-LHC data are combined with each of the future accelerators). The
corresponding 95%CL upper limits on the untagged, BRunt, and invisible, BRinv, branching ratios
are also given. As denoted with an asterisk (⇤), for the HL-LHC numbers, a bound on |V |  1 is
applied since no direct access to the Higgs width is possible at hadron colliders. This restriction is
lifted in the combination with the lepton colliders, since the latter ones provide the necessary access
to the Higgs width. Cases in which a particular parameter has been fixed to the SM value due to
lack of sensitivity are shown with a dash (�). Results from Ref. [45], updating the FCC-ee numbers
with the 4-IPs scenario. The linear collider column collects the best sensitivity obtained at either
250 or 380 GeV.

Coupling HL-LHC linear colliders (250 or 380 GeV) circular colliders (240–365 GeV)
2 IPs / 4 IPs

W [%] 1.5⇤ 0.73 0.43 / 0.33
Z [%] 1.3⇤ 0.29 0.17 / 0.14
g [%] 2⇤ 1.4 0.90 / 0.77
� [%] 1.6⇤ 1.4 1.3 / 1.2
Z� [%] 10⇤ 10 10 / 10
c [%] – 2.0 1.3 / 1.1
t [%] 3.2⇤ 3.1 3.1 / 3.1
b [%] 2.5⇤ 1.1 0.64 / 0.56
µ [%] 4.4⇤ 4.2 3.9 / 3.7
⌧ [%] 1.6⇤ 1.1 0.66 / 0.55

BRinv (<%, 95% CL) 1.9⇤ 0.26 0.20 / 0.15
BRunt (<%, 95% CL) 4⇤ 1.8 1.0 / 0.88

The interpretation of current Higgs-boson measurements at the LHC was so far not hindered509

by the finite precision of the electroweak measurements realised at LEP and SLC. With the FCC-510

ee targeting almost an order-of-magnitude increase in the precision of Higgs properties in the511

main channels, the current (experimental and theoretical) precision on electroweak quantities will512

become a limitation. The Z-pole run of the FCC-ee is instrumental in avoiding contamination from513

electroweak coupling uncertainties in the Higgs characterisation. If the electroweak symmetry is514

linearly realised on the Standard Model (SM) fields, the interplay between the Higgs and elec-515

troweak sectors is even deeper. Indeed, diboson e
+
e
�

! W
+
W

� production is then sensitive to516

some of the same new-physics effects as Higgs production and decay processes, making both types517

of measurements complementary.518

We adopt the SMEFT framework truncated to operators of dimension six. It assumes that519

new physics arises at a scale ⇤, significantly above the electroweak one, below which the particles520

and symmetries are the SM ones, with the Higgs embedded in a SU(2)L doublet. The current521

status of the global SMEFT fit is shown in Fig. 4. It projects the results of the fit to the different522

dimension-six operators entering at leading order in electroweak (including anomalous triple gauge523

couplings, aTGCs, and boson-fermion couplings, Vff) and Higgs processes onto the sensitivity to524

new-physics effects in effective couplings, see e.g. Ref. [47] for details. Compared to that reference,525

we also include the FCC-ee results in a scenario with four interaction points (4 IPs), in which the526

distribution of running time across energies is kept the same, resulting in an increase of the total527

luminosity by a factor of 1.7 [51].528

The interplay between Higgs and electroweak measurements is illustrated in Fig. 5, which shows529

the expected precision in the effective coupling determination. The correlations between them are530

displayed as internal lines of variable thickness and are visibly reduced when including new Z-pole531

data (dark blue) in addition to current electroweak measurements (light blue). The importance532

of Z-pole measurements is summarised in the next subsubsection, followed by a discussion of the533

importance of the diboson process for Higgs physics.534
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• Interplay 240 and 365 GeV runs
• Interplay Z-pole run and Higgs measurements
• Complementarity and synergy ee/hh:

• Rare production and decay channels
• ttH/ttZ @ ee + ttH @ hh → top Yukawa
• ttZ @ ee + HH @ hh → Higgs self-coupling

Reaches 1‰ in a record time and model-
independent way (contrary to HL-LHC *)

Jan. 29 2024

This assumes no-flavor violation couplings, but flavor violating channels should be explored 

Higgs rare/exotic decays bounded below the 1% level



• Outstanding discovery opportunity for light new particles that may be directly tied to 
mysteries in particle physics intimately connected to the Higgs sector
Ø EW symmetry breaking  process and its thermal history  [enabling EW Baryogenesis]
Ø Stability of the EW scale relative to the Planck scale, dynamics of EWSB
Ø Portals to Dark Sectors or Dark Matter candidates
Ø Strong CP-problem and light axion-like particles

• Also, Higgs properties are propitious to enable Higgs rare decays
Ø All its SM decays are accidentally suppressed by small Yukawa couplings, by multibody 

phase space, or by loop factors. 
Ø As a result, its decay width is tiny è ΓH ~ 4 MeV
Ø small couplings to BSM could have sizable BRs

                                L = ζ
!
𝑠! 𝐻 !	

   can give BR(h➞ss) ~ O(10%) for ζ as small as 0.01 ! 

Higgs Exotic Decays 
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arXiv:1312.4992

https://arxiv.org/abs/1312.4992


Examples Scenarios for Higgs Exotic Decays
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Higgs portals to new physics with suppressed SM couplings/ dark sector mediators

Portals                                     Couplings

Scalar    (dark Higgs)
<latexit sha1_base64="R6Sq8RBx4TicIgRLO+3jUCt2IKQ="></latexit>
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†)|H|2Fermion (sterile neutrino;              
               SUSY neutralino)
Vector (dark Z, dark photon)

pseudoscalar (axion-like 
particles)
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Bµ⌫Z

µ⌫
D

• One can also have some combinations of the above, e.g in 2HDM’s or SUSY + scalars

• Beyond considering new particles with prompt decays also studies for long-lived new 
particles (displaced or invisible decays) are to be explored

(Higgs exotic decay through Z-ZD mixing)

Figure 3. Due to its minimality, the model is highly testable [67,
68]. In particular, leptogenesis constrains the flavor mixing
pattern beyond the experimental fits shown in Figure 1, which
can be tested by comparing flavored branching ratios in displaced
decays. Finally, if accessible, HNL oscillations in the detectors are
sensitive to the HNL mass splitting [44], which is a crucial
parameter for leptogenesis.

Dark matter: HNLs with sufficiently small masses and
mixing angles could be viable DM candidates [133].
Constraints on the HNL lifetime and from indirect searches
restrict the range of masses and mixings to values that are
inaccessible to direct searches at colliders, cf [134, 135]. for
reviews. However, FCC-ee can indirectly probe sterile
neutrino SM scenarios by searching for signatures of other
particles that were involved in the DM production.

HNLs can be resonantly produced in the early Universe
through their mixing-suppressed weak interactions if the
lepton asymmetry at temperatures around the quantum
chromodynamics (QCD) crossover greatly exceeded the
BAU [136–139]. In the ]MSM, this large lepton asymmetry
can be generated by heavier HNLs that are also responsible for
the BAU and neutrino masses [140]. The first parameter space
studies [141–143] suggest that this is possible only for
comparably small mixing angles, possibly making FCC-ee
or a similar machine the only facility at which these HNLs
could be discovered. If the HNLs have additional gauge
interactions (cf. e.g., [144–149]), the extended gauge sector
can be probed directly or indirectly at FCC-ee. If the DM is
produced via the decay of a singlet [150–152] or charged [153,
154] scalar during freeze-out or freeze-in [155, 156], precision
studies of the SM Higgs and of the portal can shed light on the
mechanism. Most of these possibilities have not been studied
in detail to date.

2.2 Axion-like particles

Many models that address open, fundamental problems of
the SM are governed by global symmetries. If an approximate
global symmetry is spontaneously broken, a pseudo Nambu-
Goldstone boson appears in the theory that is light compared to
the symmetry breaking scale. If this pseudo Nambu-Goldstone
boson is a pseudoscalar, it is often referred to as an axion-like
particle or ALP. The ALP’s lightness singles it out as a uniquely
promising experimental target that could open a first window
onto high-scale new physics beyond the SM.

ALPs appear in many models that address open,
fundamental problems in the SM. The most prominent
example is the QCD axion, which was introduced in the
1980s to solve the strong CP problem [157–160] and found
to simultaneously account for the observed DM relic
abundance [161, 162]. QCD axions are typically very
light, and these models are plagued by the “axion quality”

problem, in which quantum gravity corrections destabilize
the minimum of the axion potential, thereby reintroducing
the strong CP problem [163–166]. Heavy-axion solutions
to the strong CP problem circumvent this issue and so
motivate ALPs with MeV-to-TeV scale masses [167–175].
ALPs in this mass range could also result from the
breaking of global symmetries in low scale supersymmetric
[176–178] or composite Higgs models [179–182].
Phenomenologically, they can also lead to successful EW
baryogenesis [183].

An ALP dominantly couples to SM particles via dimension-5
operators,
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where Ga
μ] is the field-strength tensor of SU(3)c, while Fμ], Zμ]

and W+
μ] describe the photon, Z, and W boson in the broken

phase of EW symmetry. The dual field-strength tensors are
denoted by ~F

μ] ! 1
2ϵμ]αβFαβ, etc., (with ϵ0123 = 1); αs and α are

the QCD coupling and fine-structure constants, respectively;
sw and cw denote the sine and cosine of the weak mixing angle;
and the sum runs over all fermion mass eigenstates ψ. The
suppression scale f is related to the new physics scale Λ via Λ =
4πf, and to the axion decay constant fa by fa = −f/(2cGG). The
ALP dominantly interacts with the Higgs boson via
dimension-6 and -7 operators,

LH
eff !

cah
f2

zμa( ) zμa( )H†H + cZh
f3

zμa( ) H† iDμ H + h.c.( )H†H.

(3)

At FCC-ee, ALPs are predominantly produced in association
with a photon, Z boson, or Higgs boson, as shown in the
Feynman diagrams in Figure 5, or via exotic Z and Higgs
decays. Resonant production of an ALP, e.g., e+e− → a, is
possible but suppressed by m2

e /(4πf)2. ALP production in
vector boson fusion has been considered in Ref. [184] and
detection prospects in light-by-light scattering in Refs. [185, 186].

The differential cross sections for associated γa/Za/ha
production are given by [187, 188].

dσ e+e− → γa( )
dΩ ! αα2 s( )

128π3

s2

f2
1 − m2

a

s
( )3

1 + cos2 θ( )
× |Vγ s( )|2 + |Aγ s( )|2( ), (4)

dσ e+e− → Za( )
dΩ ! αα2 s( )

128π3

s2

f2
λ
3
2 xa, xZ( ) 1 + cos2 θ( )

× |VZ s( )|2 + |AZ s( )|2( ), (5)
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Higgs Exotic Decays: a rich variety of possibilities
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Z. Liu et al. arXiv:1312.4992 ; arXiv:1612.09284

• Focus on 2-body Higgs decays to BSM particles with subsequent decays to BSM or SM particles
• These processes are well-motivated by SM + Scalar singlets, 2HDMs (+ Scalar), SUSY models, 

gauge SM extensions (e.g. dark photons), SM + Fermion/s (e.g. Heavy Neutral leptons),  etc.

https://arxiv.org/abs/1312.4992
http://arxiv.org/abs/arXiv:1612.09284


• Focus on 2-body Higgs decays to BSM particles with subsequent decays to BSM or SM particles
• These processes are well-motivated by SM + Scalar singlets, 2HDMs (+ Scalar), SUSY models, 

gauge SM extensions (e.g. dark photons), SM + Fermion/s (e.g. Heavy Neutral leptons),  etc.

Higgs exotic decays: a rich variety of possibilities

Marcela Carena | BSM Overview49

LHC’s strength
HL-LHC has large number of Higgs produced 
(0.2 Billion), having great sensitivity to exotic
decays into leptons and photons

Z. Liu et al. arXiv:1312.4992 ; arXiv:1612.09284

https://arxiv.org/abs/1312.4992
http://arxiv.org/abs/arXiv:1612.09284


Higgs exotic decays: a rich variety of possibilities
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LHC’s strength
HL-LHC has large number of Higgs produced 
(0.2 Billion), having great sensitivity to exotic
decays into leptons and photons

Z. Liu et al. arXiv:1312.4992 ; arXiv:1612.09284

All the rest: challenging at the LHC 
due to missing energy and/or
hadronic background
(HL-)LHC will provide valuable first-
hand information on these 
challenging channels 
FCC-ee will have great opportunities 
to cover these searches

• Focus on 2-body Higgs decays to BSM particles with subsequent decays to BSM or SM particles
• These processes are well-motivated by SM + Scalar singlets, 2HDMs (+ Scalar), SUSY models, 

gauge SM extensions (e.g. dark photons), SM + Fermion/s (e.g. Heavy Neutral leptons),  etc.

https://arxiv.org/abs/1312.4992
http://arxiv.org/abs/arXiv:1612.09284


HL-LHC and FCC-ee coverage in selected Higgs Exotic Decay BRs
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HL-LHC: from various studies and projections available in the literature 
FCC—ee are from arXiv:1612.09284  and 𝑒𝑒 → 𝑍𝐻 (except for the first channel, ℎ → 𝑖𝑛𝑣)

95% C.L. upper limit limit on BR( H à exotics)

Missing ET , e.g. in SUSY/DM models yields about 2-4 orders of magnitude improvement
H à 4 f, e.g. in extended Higgs sectors and/or Higgs portals yields about 2-3 orders of magnitude improvement 

Based on Zhang, Liu, Wang, 
1612.09284, with updates



• A strong first order EWPT necessary for EW Baryogenesis à  
• The SM Higgs sector is not enough (Higgs boson is too heavy)

Higgs-Scalar Portal and the EW Phase Transition (EWPT): 
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Higgs off

Higgs 
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v(Tc)/Tc � 1

Electroweak Baryogenesis needs New Physics/New Scalars

• Simplest extensions involve singlet scalars 
 To enable a strong first-order EWPT, the singlet should induce a
 sufficiently large deformation to the early universe scalar potential,   
 hence, should have significant couplings to the Higgs 

• Many other SM extensions, e.g.
2HDMs
Models with Dark CP violation and gauged lepton/baryon number 
Models of EW non-restauration, with multiple singlets and possibly with an inert doublet)
Supersymmetric models with singlets (MSSM ruled out by Higgs precision)
Models with heavy Fermions, etc.
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Enhancing the EWPT strength through a Singlet Scalar
Scalar couples to the Higgs and affects the tree level potential  
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The last case follows naturally in scenarios where, e.g., the singlet is the Higgs-like boson of 
a complex scalar in the dark sector that spontaneously breaks a dark gauge symmetry   

To determine phase transition pattern 
requires finite temperature potential 
Precision calculations of the full potential is an area of intense theoretical activity 

We have separated out terms that explicitly break the Z2 symmetry:  
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Follows naturally in scenarios where the singlet is the Higgs-like boson of a complex 
scalar in the dark sector that spontaneously breaks a dark gauge symmetry   

• A firm prediction of a light scalar
• Higgs decays into a pair of light scalars 
• Higgs exotic decays complements the Higgs 

precision program
• Higgs exotic decays requires further studies of 

merged jets for lighter singlet masses 
• Also possible to have long-lived Higgs exotic 

decays in certain parameter space 

Higgs Exotic Decays into Singlets - Spontaneous Z2 Breaking Case- 

MC, Liu, Wang, 1911.10206 
Higgs trilinear coupling receives variations at most at the 20% level, 
hence contributions to di-Higgs production only detectable at FCC-hh. 
Model parameter first probed at FCC-ee through mixing
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Exotic Higgs decays as a potent probe of viable EW Baryogenesis
Hà SS can lead to many final states with S inheriting 
Higgs-like hierarchical BR’s, mediated through mixing
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FIG. 3: Current bounds (left panel) on exotic Higgs decays h ! ss ! XXY Y and corresponding

projections (right panel) at the HL-LHC. The horizontal dotted line is the current and future

projection of upper limit for the exotic Higgs branching ratio from global fits to Higgs properties

(16% and 4% respectively).

projections are derived using the simple assumption that all uncertainties can be taken to scale as

1/
p

L. Searches in these individual final states exclude regions above the lines. We can see that

the µµµµ channel provides a strong limit on Br(h ! ss ! XXY Y ) to around 10�6-10�5 across

the scalar mass. The ���� channel also makes a stringent ⇠ 10�5 bound. The constraints from

bbµµ and µµ⌧⌧ channels are a bit weaker, around 10�4
� 10�3, but still stronger than the bb⌧⌧ ,

⌧⌧⌧⌧ and ��jj bounds which are around 10�2
�10�1. The current bbbb bounds are typically higher

than the allowed maximal exotic branching ratio (16%), but the HL-LHC projections can reach a

few percent. On the other hand, the µµµµ channel can touch 10�7 at the HL-LHC.

The bounds on Br(h ! ss) can be derived from those on Br(h ! ss ! XXY Y ) once the

s ! XX/Y Y branching ratios are given. Assuming the s decay branching ratios are dominated

by the h-s mixing (see Fig. 2), the bounds on Br(h ! ss) are given in Fig. 4. We can see that the

hierarchies of various channels are significantly a↵ected compared to those in Fig. 3. For ms . 10

GeV, the strongest bounds are still from the µµ-relevant channels, e.g. µµµµ for ms . 3.5 GeV

and µµ⌧⌧ for 3.5 GeV . ms . 10 GeV, respectively. For ms & 10 GeV, bb is the main decay

channel of s, making bb-relevant channels most sensitive. As a result, the most stringent bounds

for 10 GeV . ms < 62.5 GeV is bbµµ and bb⌧⌧ .

In Fig. 4 we show the projected reach of the ⇠ 240 GeV e
+
e
� colliders with an integrated

luminosity of 5 ab�1 for the ⌧⌧⌧⌧ [36] and bbbb [16] channels. The projections for qqqq/gggg and

Considering LHC current bounds on exotic H decays:

Bounds on Br(h → ss) 
from  Br(h → ss → XXYY)
and updated for HL-LHC 
projections 

Besides the 4b’s final state, the rest 
involves at least a pair of EW states

SFOEWPT

4%

MC, Kozaczuk, Liu, Ou, Ramsey-Musolf, 
Shelton, Wang, Xie, 2203.08206 
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FCC-ee reach for low scale seesaw 
• Same information combined with other experiments

Verhaaren et. al, hep-ph/2203.05502
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FCC-ee with SHiP cover most of the allowed 
parameter space below the Z pole
favorable case:

C. Grojean

Heavy Neutral Leptons
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generated for the case with a single HNL flavour mixing with the corresponding SM one. The sig-834

nal samples and all of the SM decays of the Z, as well as four-fermion processes yielding the same835

final state as the HNL decays were passed through a parametrised simulation of the IDEA detec-836

tor and analysed. Both semi-leptonic and fully leptonic decays of the HNL were studied for the837

long-lived analyses, whereas the prompt analyses concentrated on the decay HNL! `⌫jj which838

has the highest branching fraction and allows full kinematic reconstruction of the neutrino decay.839

This work is documented in [86–88].840

The conclusion of these studies is that searches at the FCC-ee will enable the HNL discovery841

over a mass range beyond the reach of specialised detectors for LLPs searches being developed, and842

for much smaller couplings than the ones which will be covered by searches at the HL-LHC. For843

masses below 60-70 GeV a large part of the area favoured by the seesaw model would be covered.844

As an example the expected parameter coverage of the analysis looking for the HNL! µ⌫jj is845

shown in Fig. 16 compared to existing and projected limits.846

Fig. 16 Discovery potential in the mN � |U2
µN | plane. The green full lines labelled FCC-ee are from the analysis

described in [87], and are solely based on the decay channel HNL! µ⌫jj. The dashed green line bounds the area
with 4 HNL decays inside a FCC-ee detector with a displacement larger than 0.4 mm, based on the analytical
formulas in [89]. The blue HL-LHC curve is a theoretical projection of the area which will be covered by the ATLAS
experiment at the HL-LHC from [90]. The existing limits from experimental searches are given as shaded areas.
The expected discovery potential of projected dedicated long-lived particle searches are taken from the web site
accompanying the paper [91].

2.2.4 Complementarity and synergy between FCC-ee and FCC-hh847

The FCC-hh will complement and substantially extend the FCC-ee physics reach in nearly all848

possible directions. Compared to the LHC, the 100 to 14 TeV centre-of-mass energy increase can849

improve seven-fold the energy regime for direct exploration with the potential for observing new850

particles at mass scales up to 40 TeV, as shown in Fig. 17. Indirectly, it will be sensitive to energies851

well above its kinematic reach of 100TeV, for example in the tails of Drell-Yan distributions. Should852

any deviations from SM expectations be observed at FCC-ee, FCC-hh has the potential to pinpoint853

its microscopic origin. Here we highlight some specific synergies between FCC-ee and FCC-hh in854

this regard.855
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New analysis: 
HNL decays inside FCC-ee detector with a displacement larger than 0.4mm

(the search has been carried out for the first time with MC simulations in the μνjj final state, and seems to 
confirm the theoretical estimates we had before. This analysis can now be used for detector requirements).

Jan. 29 2024

New analysis:
HNL decays inside FCC-ee detector with a displacement larger 
than 0.4mm (the search has been carried out for the first time 

with MC simulations in the μνjj final state, and seems to
confirm the theoretical estimates we had before. This analysis 

can now be used for detector requirementd

Grojean talk: 7th FCC Physics Workshop, Annecy 2024


