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SM measurements
• Measurements of different production processes continue and more and more differential ones
• Check theory calculations, deviations may indicate presence of new physics, EFT interpretations
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𝐖,𝐙, 𝛄 top
HiggsEW production
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT Z ′ → ZH model B 0-2 e, µ 1-2 b Yes 139 gV = 3 ATLAS-CONF-2020-0433.2 TeVZ′ mass

HVT W ′ →WH model B 0 e, µ ≥1 b, ≥2 J 139 gV = 3 2007.052933.2 TeVW′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV ATLAS-CONF-2021-0063.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y=0.4, λ=0.2, m(χ)=10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 ATLAS-CONF-2021-0081.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 ATLAS-CONF-2021-023910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2021

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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Why SUSY
• mathematically interesting
• string theory needs it
• rationale for scalars
• helps stabilize inflaton potential
• gauge coupling unification
• dark matter candidate
• hierarchy (naturalness) problem
• fun for colliders
• baryogenesis?
• cosmological constant? 10–120 to 10–60



History of Unification

gravity

electric magnetic

α-decay

β-decay

γ-decay

planets apple
electromagnetism

atoms

Quantum mechanics

mechanics

Special relativity

Quantum ElectroDynamics

Weak force

Strong Force

Electroweak theory

GR

Superstring? Grand Unification?

~10–16cm

~10–30cm

~10–8cm

~10–33cm



Grand Unification
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LHC score card

• Higgs discovery! But only a partial answer

• None

• None

• No new CP violation

• Perhaps??? 750 GeV diphoton???

• origin of EWSB

• naturalness

• dark matter

• EW baryogenesis

• unexpected

Supersymmetry



Squarks   J=0? 
 
The following data are averaged over all light flavors, presumably u, d, s, c with both 
chiralities.  For flavor-tagged data, see listings for Stop and Sbottom.  Most results 
assume minimal supergravity, an untested hypothesis with only five parameters.  
Alternative interpretation as extra dimensional particles is possible.  See KK particle 
listing. 

 
SQUARK MASS 

 
VALUE (GeV)  DOCUMENT ID TECN  COMMENT 

538±10  OUR FIT    mSUGRA assumptions 
 
532±11  1ABBIENDI 11D CMS  Missing ET with 

mSUGRA assumptions 
541±14  2ADLER 11O  ATLAS Missing ET with 

mSUGRA assumptions 
• • • We do not use the following data for averages, fits, limits, etc • • • 
652±105  3ABBIENDI 11K CMS  extended mSUGRA 
        with 5 more parameters 
 
1ABBIENDI 11D assumes minimal supergravity in the fits to the data of jets and 
missing energies and set A0=0 and tanβ = 3.  See Fig. 5 of the paper for other choices 
of A0 and tanβ.  The result is correlated with the gluino mass M3.  See listing for 
gluino. 
2ADLER 11O uses the same set of assumptions as ABBIENDI 11D, but with tanβ = 5.   
3ABBIENDI 11K extends minimal supergravity by allowing for different scalar masses-
squared for Hu, Hd, 5* and 10 scalars at the GUT scale. 
 
  

 
SQUARK DECAY MODES 

 
MODE  BR(%)  DOCUMENT ID TECN  COMMENT 
j+miss  32±5  ABE 10U  ATLAS 
j l+miss 73±10  ABE 10U  ATLAS lepton universality 
j e+miss 22±8  ABE 10U  ATLAS  
j μ +miss 25±7  ABE 10U  ATLAS  
q χ+  seen  ABE 10U  ATLAS 



Electron mass is natural 
by doubling #particles

• Electron creates a force 
to repel itself

• 10–4 fine-tuning?
• quantum mechanics and 

anti-matter
⇒ only 10% of mass even 

for Planck-size re~10–33cm
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Higgs mass is natural 
by doubling #particles?

• Higgs also repels itself

• Double #particles again   
⇒ superpartners

• only log sensitivity to UV

• Standard Model made 
consistent up to higher 
energies
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Naturalness 
works!
• Inflation

• horizon problem

• flatness problem

• large entropy

Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Planck Collaboration: Cosmological parameters
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Fig. 3. Frequency-averaged T E and EE spectra (without fitting for T -P leakage). The theoretical T E and EE spectra plotted in the
upper panel of each plot are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with respect to this theoretical
model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the
best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
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315 Physicists Report Failure In Search for
Supersymmetry
By MALCOLM W. BROWNE
Published: January 5, 1993

Three hundred and fifteen physicists worked on the experiment.

Their apparatus included the Tevatron, the world's most powerful
particle accelerator, as well as a $65 million detector weighing as
much as a warship, an advanced new computing system and a host of
other innovative gadgets.

But despite this arsenal of brains and technological brawn assembled
at the Fermilab accelerator laboratory, the participants have failed to
find their quarry, a disagreeable reminder that as science gets harder,
even Herculean efforts do not guarantee success.

In trying to ferret out ever deeper layers of nature's secrets, scientists are being forced to
accept a markedly slower pace of discovery in many fields of research, and the consequent
rising cost of experiments has prompted public and political criticism.

To some, the elaborate trappings and null result of the latest Fermilab experiment seem to
typify both the lofty goals and the staggering difficulties of "Big Science," a term coined in
1961 by Dr. Alvin M. Weinberg of Oak Ridge National Laboratory. Some regard such
failures as proof that high-energy physics, one of the biggest avenues of big science, is fast
approaching a dead end.

Others call the latest experiment a useful, though inconclusive, step toward gauging the
ultimate basis of material existence. The difficulty of science is increasing exponentially as
scientists grope toward ultimates, they point out, and particle physicists believe that
society must accept the smaller increments and higher costs of progress, if progress is to
continue.

The paper reporting results of the latest big experiment appeared Dec. 14 in the
prestigious journal Physical Review Letters. The names of the 315 scientists whose work
contributed to the paper, arranged in alphabetical order, occupied an entire page -- more
than one-fifth the overall length of the report. Following this top-heavy opening, the paper
concluded in essence that the scientists had failed to find what they were looking for.

The particle accelerator used in the hunt for whimsically-named squarks and gluinos,
hypothetical particles postulated by the popular but unproved theory of "supersymmetry,"
was the Fermilab Tevatron at Batavia, Ill. A conspicuous example of big science, this giant
instrument was completed in 1983 as a $130 million upgrade of an existing accelerator.

The Tevatron whirls counter-rotating bunches of protons and antiprotons around a ring
four miles in circumference, smashing protons and antiprotons together at a combined
energy of 1.8 trillion electron-volts.

But accelerating particles is useless unless the results of their collisions can be observed
and studied, and to do this, scientists associated with Fermilab built a gigantic accessory
for the Tevatron: the C.D.F., for "Collider-Detector at Fermilab," which itself cost more
than $65 million.

The 315 scientists taking part in the "C.D.F. Collaboration" use this detector in somewhat
the way a builder might use a succession of sieves to separate sand of varying degrees of
coarseness. Instead of sand particles, however, the detector is rigged to record the passage
of various kinds of elementary particles created by the collisions of protons and
antiprotons.
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Why not SUSY

• flavor problem
• CP problem
• gravitino problem
• proton decay (both GUT and MPl)
• SUSY breaking models tend to be contrived
• triplet-doublet splitting in SUSY GUT
• mh=125GeV too heavy for MSSM
• no experimental signature



rationale for
scalars

• Higgs boson is the only spin 0 particle in the 
standard model
• it is faceless
• one of its kind, no context
• but does the most important job

• looks very artificial
• we still don’t know dynamics behind the 

Higgs condensate
• Higgsless theories: now dead



Why Scalar Bosons?

Supersymmetry
• Higgs just one of many scalar bosons
• SUSY loops make mh2 negative

composite
• spins cancel among constituents
• condensate by a strong attractive force, 

holography
Extra dimension
• Higgs spinning in extra dimensions
• new forces from particles running in extra D

another “naturalness” argument



By A Pomarol
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Supersymmetry
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Nima’s anguish

mH=125 GeV seems almost maliciously designed 
to prolong the agony of BSM theorists….



dream case 
for experiments

can measure them all!

European Strategy Update 2020
the highest priority: Higgs factory
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Rare effects from  
high energies

• Effects of high-energy physics mostly 
disappear by power suppression

• can be classified systematically
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Power of Expedition
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Effective Operators
• Classification surprisingly difficult question
• In the case of the Standard Model
• Weinberg (1980) on D=6 B, D=5 L
• Buchmüller-Wyler (1986) on D=6 ops
• 80 operators for Nf=1, B, L conserving

• Grzadkowski et al (2010) removed 
redundancies and discovered one missed
• 59 operators for Nf=1, B, L conserving
• redundancies due to EOM, IBP

• Mahonar et al (2013) general Nf

• Lehman-Martin (2014,15) D=7 for 
general Nf, D=8 for Nf=1 (incorrect)

/ /



Main idea

• Take kinetic terms as the zeroth order 
Lagrangian

• Classically, it is conformally invariant under 
SO(4,2)≃SO(6,C)

• Operator-State correspondence in CFT 
tells us that operators fall into 
representations of the conformal group
• equation of motion: short multiplets
• remove total derivatives: primary states

(@�)2,  ̄i 6@ , (Fµ⌫)
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   f =
      2*L^2*Ld^2*t^2 + 2*ee*ed*L*Ld*t^2 + ee^2*ed^2*t^2 + 2*d*dd*L*Ld*t^2 + 2*
      d*dd*ee*ed*t^2 + 2*d^2*dd^2*t^2 + ud^2*dd*ed*t^2 + 2*u*ud*L*Ld*t^2 + 2*u
      *ud*ee*ed*t^2 + 4*u*ud*d*dd*t^2 + u^2*d*ee*t^2 + 2*u^2*ud^2*t^2 + 2*Qd*
      dd*ee*L*t^2 + 3*Qd*ud*ed*Ld*t^2 + 2*Qd*u*d*Ld*t^2 + 3*Qd^2*ud*dd*t^2 + 
      Qd^2*u*ee*t^2 + Qd^3*Ld*t^2 + 2*Q*d*ed*Ld*t^2 + 2*Q*ud*dd*L*t^2 + 3*Q*u*
      ee*L*t^2 + 4*Q*Qd*L*Ld*t^2 + 2*Q*Qd*ee*ed*t^2 + 4*Q*Qd*d*dd*t^2 + 4*Q*Qd
      *u*ud*t^2 + Q^2*ud*ed*t^2 + 3*Q^2*u*d*t^2 + 4*Q^2*Qd^2*t^2 + Q^3*L*t^2
       + Wr*L^2*Ld^2 + Wr*ee*ed*L*Ld + Wr*d*dd*L*Ld + Wr*u*ud*L*Ld + Wr*Qd*dd*
      ee*L + 3*Wr*Qd*ud*ed*Ld + Wr*Qd*u*d*Ld + 3*Wr*Qd^2*ud*dd + Wr*Qd^2*u*ee
       + 2*Wr*Qd^3*Ld + Wr*Q*d*ed*Ld + Wr*Q*ud*dd*L + 3*Wr*Q*Qd*L*Ld + Wr*Q*Qd
      *ee*ed + 2*Wr*Q*Qd*d*dd + 2*Wr*Q*Qd*u*ud + 2*Wr*Q^2*Qd^2 + Wr^2*L*Ld*t
       + Wr^2*Q*Qd*t + 2*Wr^4 + Wl*L^2*Ld^2 + Wl*ee*ed*L*Ld + Wl*d*dd*L*Ld + 
      Wl*u*ud*L*Ld + Wl*Qd*dd*ee*L + Wl*Qd*u*d*Ld + Wl*Q*d*ed*Ld + Wl*Q*ud*dd*
      L + 3*Wl*Q*u*ee*L + 3*Wl*Q*Qd*L*Ld + Wl*Q*Qd*ee*ed + 2*Wl*Q*Qd*d*dd + 2*
      Wl*Q*Qd*u*ud + Wl*Q^2*ud*ed + 3*Wl*Q^2*u*d + 2*Wl*Q^2*Qd^2 + 2*Wl*Q^3*L
       + 2*Wl*Wr*L*Ld*t + Wl*Wr*ee*ed*t + Wl*Wr*d*dd*t + Wl*Wr*u*ud*t + 2*Wl*
      Wr*Q*Qd*t + Wl^2*L*Ld*t + Wl^2*Q*Qd*t + 2*Wl^2*Wr^2 + 2*Wl^4 + Gr*d*dd*L
      *Ld + Gr*d*dd*ee*ed + Gr*d^2*dd^2 + 3*Gr*ud^2*dd*ed + Gr*u*ud*L*Ld + Gr*
      u*ud*ee*ed + 4*Gr*u*ud*d*dd + Gr*u^2*ud^2 + Gr*Qd*dd*ee*L + 3*Gr*Qd*ud*
      ed*Ld + 2*Gr*Qd*u*d*Ld + 6*Gr*Qd^2*ud*dd + Gr*Qd^2*u*ee + 2*Gr*Qd^3*Ld
       + Gr*Q*d*ed*Ld + 2*Gr*Q*ud*dd*L + 2*Gr*Q*Qd*L*Ld + Gr*Q*Qd*ee*ed + 4*Gr
      *Q*Qd*d*dd + 4*Gr*Q*Qd*u*ud + Gr*Q^2*ud*ed + 2*Gr*Q^2*Qd^2 + Gr*Wr*Q*Qd*
      t + Gr*Wl*Q*Qd*t + Gr^2*d*dd*t + Gr^2*u*ud*t + Gr^2*Q*Qd*t + 2*Gr^2*Wr^2
       + Gr^2*Wl^2 + 3*Gr^4 + Gl*d*dd*L*Ld + Gl*d*dd*ee*ed + Gl*d^2*dd^2 + Gl*
      u*ud*L*Ld + Gl*u*ud*ee*ed + 4*Gl*u*ud*d*dd + 3*Gl*u^2*d*ee + Gl*u^2*ud^2
       + Gl*Qd*dd*ee*L + 2*Gl*Qd*u*d*Ld + Gl*Qd^2*u*ee + Gl*Q*d*ed*Ld + 2*Gl*Q
      *ud*dd*L + 3*Gl*Q*u*ee*L + 2*Gl*Q*Qd*L*Ld + Gl*Q*Qd*ee*ed + 4*Gl*Q*Qd*d*
      dd + 4*Gl*Q*Qd*u*ud + Gl*Q^2*ud*ed + 6*Gl*Q^2*u*d + 2*Gl*Q^2*Qd^2 + 2*Gl
      *Q^3*L + Gl*Wr*Q*Qd*t + Gl*Wl*Q*Qd*t + Gl*Gr*L*Ld*t + Gl*Gr*ee*ed*t + 3*
      Gl*Gr*d*dd*t + 3*Gl*Gr*u*ud*t + 3*Gl*Gr*Q*Qd*t + Gl*Gr*Wl*Wr + Gl^2*d*dd
      *t + Gl^2*u*ud*t + Gl^2*Q*Qd*t + Gl^2*Wr^2 + 2*Gl^2*Wl^2 + 3*Gl^2*Gr^2
       + 3*Gl^4 + Br*ee*ed*L*Ld + Br*d*dd*L*Ld + Br*d*dd*ee*ed + 2*Br*ud^2*dd*
      ed + Br*u*ud*L*Ld + Br*u*ud*ee*ed + 2*Br*u*ud*d*dd + Br*Qd*dd*ee*L + 3*
      Br*Qd*ud*ed*Ld + Br*Qd*u*d*Ld + 3*Br*Qd^2*ud*dd + Br*Qd^3*Ld + Br*Q*d*ed
      *Ld + Br*Q*ud*dd*L + 2*Br*Q*Qd*L*Ld + Br*Q*Qd*ee*ed + 2*Br*Q*Qd*d*dd + 2
      *Br*Q*Qd*u*ud + Br*Q^2*ud*ed + Br*Wr*L*Ld*t + Br*Wr*Q*Qd*t + Br*Wl*L*Ld*
      t + Br*Wl*Q*Qd*t + Br*Gr*d*dd*t + Br*Gr*u*ud*t + Br*Gr*Q*Qd*t + Br*Gr^3
       + Br*Gl*d*dd*t + Br*Gl*u*ud*t + Br*Gl*Q*Qd*t + Br*Gl^2*Gr + 2*Br^2*Wr^2
       + Br^2*Wl^2 + 2*Br^2*Gr^2 + Br^2*Gl^2 + Br^4 + Bl*ee*ed*L*Ld + Bl*d*dd*
      L*Ld + Bl*d*dd*ee*ed + Bl*u*ud*L*Ld + Bl*u*ud*ee*ed + 2*Bl*u*ud*d*dd + 2
      *Bl*u^2*d*ee + Bl*Qd*dd*ee*L + Bl*Qd*u*d*Ld + Bl*Qd^2*u*ee + Bl*Q*d*ed*
      Ld + Bl*Q*ud*dd*L + 3*Bl*Q*u*ee*L + 2*Bl*Q*Qd*L*Ld + Bl*Q*Qd*ee*ed + 2*
      Bl*Q*Qd*d*dd + 2*Bl*Q*Qd*u*ud + 3*Bl*Q^2*u*d + Bl*Q^3*L + Bl*Wr*L*Ld*t
       + Bl*Wr*Q*Qd*t + Bl*Wl*L*Ld*t + Bl*Wl*Q*Qd*t + Bl*Gr*d*dd*t + Bl*Gr*u*
      ud*t + Bl*Gr*Q*Qd*t + Bl*Gl*d*dd*t + Bl*Gl*u*ud*t + Bl*Gl*Q*Qd*t + Bl*Gl
      *Gr^2 + Bl*Gl^3 + Bl*Br*L*Ld*t + Bl*Br*ee*ed*t + Bl*Br*d*dd*t + Bl*Br*u*
      ud*t + Bl*Br*Q*Qd*t + Bl*Br*Wl*Wr + Bl*Br*Gl*Gr + Bl^2*Wr^2 + 2*Bl^2*
      Wl^2 + Bl^2*Gr^2 + 2*Bl^2*Gl^2 + Bl^2*Br^2 + Bl^4 + 3*Hd*ee*L^2*Ld*t + 
      Hd*ee^2*ed*L*t + 3*Hd*d*dd*ee*L*t + 3*Hd*ud*d*ed*Ld*t + 2*Hd*ud^2*dd*L*t
       + 2*Hd*u*d^2*Ld*t + 3*Hd*u*ud*ee*L*t + 6*Hd*Qd*ud*L*Ld*t + 3*Hd*Qd*ud*
      ee*ed*t + 6*Hd*Qd*ud*d*dd*t + 3*Hd*Qd*u*d*ee*t + 3*Hd*Qd*u*ud^2*t + 3*Hd
      *Qd^2*d*Ld*t + Hd*Qd^3*ee*t + 6*Hd*Q*d*L*Ld*t + 3*Hd*Q*d*ee*ed*t + 3*Hd*
      Q*d^2*dd*t + 2*Hd*Q*ud^2*ed*t + 6*Hd*Q*u*ud*d*t + 6*Hd*Q*Qd*ee*L*t + 6*
      Hd*Q*Qd^2*ud*t + 3*Hd*Q^2*ud*L*t + 6*Hd*Q^2*Qd*d*t + Hd*Wr*ee*L*t^2 + 2*
      Hd*Wr*Qd*ud*t^2 + Hd*Wr*Q*d*t^2 + Hd*Wr^2*ee*L + 2*Hd*Wr^2*Qd*ud + Hd*
      Wr^2*Q*d + 2*Hd*Wl*ee*L*t^2 + Hd*Wl*Qd*ud*t^2 + 2*Hd*Wl*Q*d*t^2 + 2*Hd*
      Wl^2*ee*L + Hd*Wl^2*Qd*ud + 2*Hd*Wl^2*Q*d + 2*Hd*Gr*Qd*ud*t^2 + Hd*Gr*Q*
      d*t^2 + 2*Hd*Gr*Wr*Qd*ud + Hd*Gr*Wr*Q*d + Hd*Gr^2*ee*L + 3*Hd*Gr^2*Qd*ud
       + 2*Hd*Gr^2*Q*d + Hd*Gl*Qd*ud*t^2 + 2*Hd*Gl*Q*d*t^2 + Hd*Gl*Wl*Qd*ud + 
      2*Hd*Gl*Wl*Q*d + Hd*Gl^2*ee*L + 2*Hd*Gl^2*Qd*ud + 3*Hd*Gl^2*Q*d + Hd*Br*
      ee*L*t^2 + 2*Hd*Br*Qd*ud*t^2 + Hd*Br*Q*d*t^2 + Hd*Br*Wr*ee*L + 2*Hd*Br*

      Wr*Qd*ud + Hd*Br*Wr*Q*d + 2*Hd*Br*Gr*Qd*ud + Hd*Br*Gr*Q*d + Hd*Br^2*ee*L
       + Hd*Br^2*Qd*ud + Hd*Br^2*Q*d + 2*Hd*Bl*ee*L*t^2 + Hd*Bl*Qd*ud*t^2 + 2*
      Hd*Bl*Q*d*t^2 + 2*Hd*Bl*Wl*ee*L + Hd*Bl*Wl*Qd*ud + 2*Hd*Bl*Wl*Q*d + Hd*
      Bl*Gl*Qd*ud + 2*Hd*Bl*Gl*Q*d + Hd*Bl^2*ee*L + Hd*Bl^2*Qd*ud + Hd*Bl^2*Q*
      d + Hd^2*ee^2*L^2 + Hd^2*ud*d*t^3 + Hd^2*ud*d*L*Ld + Hd^2*Qd*ud*ee*L + 2
      *Hd^2*Qd^2*ud^2 + 2*Hd^2*Q*d*ee*L + 2*Hd^2*Q*Qd*ud*d + 2*Hd^2*Q^2*d^2 + 
      Hd^2*Wr*ud*d*t + Hd^2*Wl*ud*d*t + Hd^2*Gr*ud*d*t + Hd^2*Gl*ud*d*t + Hd^2
      *Br*ud*d*t + Hd^2*Bl*ud*d*t + 3*H*ed*L*Ld^2*t + H*ee*ed^2*Ld*t + 3*H*d*
      dd*ed*Ld*t + 2*H*ud*dd^2*L*t + 3*H*u*dd*ee*L*t + 3*H*u*ud*ed*Ld*t + 2*H*
      u^2*d*Ld*t + 6*H*Qd*dd*L*Ld*t + 3*H*Qd*dd*ee*ed*t + 3*H*Qd*d*dd^2*t + 6*
      H*Qd*u*ud*dd*t + 2*H*Qd*u^2*ee*t + 3*H*Qd^2*u*Ld*t + 3*H*Q*ud*dd*ed*t + 
      6*H*Q*u*L*Ld*t + 3*H*Q*u*ee*ed*t + 6*H*Q*u*d*dd*t + 3*H*Q*u^2*ud*t + 6*H
      *Q*Qd*ed*Ld*t + 6*H*Q*Qd^2*dd*t + 3*H*Q^2*dd*L*t + 6*H*Q^2*Qd*u*t + H*
      Q^3*ed*t + 2*H*Wr*ed*Ld*t^2 + 2*H*Wr*Qd*dd*t^2 + H*Wr*Q*u*t^2 + 2*H*Wr^2
      *ed*Ld + 2*H*Wr^2*Qd*dd + H*Wr^2*Q*u + H*Wl*ed*Ld*t^2 + H*Wl*Qd*dd*t^2
       + 2*H*Wl*Q*u*t^2 + H*Wl^2*ed*Ld + H*Wl^2*Qd*dd + 2*H*Wl^2*Q*u + 2*H*Gr*
      Qd*dd*t^2 + H*Gr*Q*u*t^2 + 2*H*Gr*Wr*Qd*dd + H*Gr*Wr*Q*u + H*Gr^2*ed*Ld
       + 3*H*Gr^2*Qd*dd + 2*H*Gr^2*Q*u + H*Gl*Qd*dd*t^2 + 2*H*Gl*Q*u*t^2 + H*
      Gl*Wl*Qd*dd + 2*H*Gl*Wl*Q*u + H*Gl^2*ed*Ld + 2*H*Gl^2*Qd*dd + 3*H*Gl^2*Q
      *u + 2*H*Br*ed*Ld*t^2 + 2*H*Br*Qd*dd*t^2 + H*Br*Q*u*t^2 + 2*H*Br*Wr*ed*
      Ld + 2*H*Br*Wr*Qd*dd + H*Br*Wr*Q*u + 2*H*Br*Gr*Qd*dd + H*Br*Gr*Q*u + H*
      Br^2*ed*Ld + H*Br^2*Qd*dd + H*Br^2*Q*u + H*Bl*ed*Ld*t^2 + H*Bl*Qd*dd*t^2
       + 2*H*Bl*Q*u*t^2 + H*Bl*Wl*ed*Ld + H*Bl*Wl*Qd*dd + 2*H*Bl*Wl*Q*u + H*Bl
      *Gl*Qd*dd + 2*H*Bl*Gl*Q*u + H*Bl^2*ed*Ld + H*Bl^2*Qd*dd + H*Bl^2*Q*u + 4
      *H*Hd*L*Ld*t^3 + 2*H*Hd*L^2*Ld^2 + 2*H*Hd*ee*ed*t^3 + 2*H*Hd*ee*ed*L*Ld
       + H*Hd*ee^2*ed^2 + 2*H*Hd*d*dd*t^3 + 2*H*Hd*d*dd*L*Ld + H*Hd*d*dd*ee*ed
       + H*Hd*d^2*dd^2 + H*Hd*ud^2*dd*ed + 2*H*Hd*u*ud*t^3 + 2*H*Hd*u*ud*L*Ld
       + H*Hd*u*ud*ee*ed + 2*H*Hd*u*ud*d*dd + H*Hd*u^2*d*ee + H*Hd*u^2*ud^2 + 
      2*H*Hd*Qd*dd*ee*L + 4*H*Hd*Qd*ud*ed*Ld + 2*H*Hd*Qd*u*d*Ld + 4*H*Hd*Qd^2*
      ud*dd + H*Hd*Qd^2*u*ee + 2*H*Hd*Qd^3*Ld + 2*H*Hd*Q*d*ed*Ld + 2*H*Hd*Q*ud
      *dd*L + 4*H*Hd*Q*u*ee*L + 4*H*Hd*Q*Qd*t^3 + 5*H*Hd*Q*Qd*L*Ld + 2*H*Hd*Q*
      Qd*ee*ed + 4*H*Hd*Q*Qd*d*dd + 4*H*Hd*Q*Qd*u*ud + H*Hd*Q^2*ud*ed + 4*H*Hd
      *Q^2*u*d + 3*H*Hd*Q^2*Qd^2 + 2*H*Hd*Q^3*L + 6*H*Hd*Wr*L*Ld*t + 2*H*Hd*Wr
      *ee*ed*t + 2*H*Hd*Wr*d*dd*t + 2*H*Hd*Wr*u*ud*t + 6*H*Hd*Wr*Q*Qd*t + 2*H*
      Hd*Wr^2*t^2 + H*Hd*Wr^3 + 6*H*Hd*Wl*L*Ld*t + 2*H*Hd*Wl*ee*ed*t + 2*H*Hd*
      Wl*d*dd*t + 2*H*Hd*Wl*u*ud*t + 6*H*Hd*Wl*Q*Qd*t + 2*H*Hd*Wl*Wr*t^2 + 2*H
      *Hd*Wl^2*t^2 + H*Hd*Wl^3 + 2*H*Hd*Gr*d*dd*t + 2*H*Hd*Gr*u*ud*t + 4*H*Hd*
      Gr*Q*Qd*t + H*Hd*Gr^2*t^2 + H*Hd*Gr^3 + 2*H*Hd*Gl*d*dd*t + 2*H*Hd*Gl*u*
      ud*t + 4*H*Hd*Gl*Q*Qd*t + H*Hd*Gl*Gr*t^2 + H*Hd*Gl^2*t^2 + H*Hd*Gl^3 + 4
      *H*Hd*Br*L*Ld*t + 2*H*Hd*Br*ee*ed*t + 2*H*Hd*Br*d*dd*t + 2*H*Hd*Br*u*ud*
      t + 4*H*Hd*Br*Q*Qd*t + 2*H*Hd*Br*Wr*t^2 + H*Hd*Br*Wr^2 + H*Hd*Br*Wl*t^2
       + H*Hd*Br^2*t^2 + 4*H*Hd*Bl*L*Ld*t + 2*H*Hd*Bl*ee*ed*t + 2*H*Hd*Bl*d*dd
      *t + 2*H*Hd*Bl*u*ud*t + 4*H*Hd*Bl*Q*Qd*t + H*Hd*Bl*Wr*t^2 + 2*H*Hd*Bl*Wl
      *t^2 + H*Hd*Bl*Wl^2 + H*Hd*Bl*Br*t^2 + H*Hd*Bl^2*t^2 + 6*H*Hd^2*ee*L*t^2
       + 6*H*Hd^2*Qd*ud*t^2 + 6*H*Hd^2*Q*d*t^2 + 2*H*Hd^2*Wr*Qd*ud + 2*H*Hd^2*
      Wl*ee*L + 2*H*Hd^2*Wl*Q*d + H*Hd^2*Gr*Qd*ud + H*Hd^2*Gl*Q*d + H*Hd^2*Br*
      Qd*ud + H*Hd^2*Bl*ee*L + H*Hd^2*Bl*Q*d + H*Hd^3*ud*d*t + H^2*ed^2*Ld^2
       + H^2*u*dd*t^3 + H^2*u*dd*L*Ld + 2*H^2*Qd*dd*ed*Ld + 2*H^2*Qd^2*dd^2 + 
      H^2*Q*u*ed*Ld + 2*H^2*Q*Qd*u*dd + 2*H^2*Q^2*u^2 + H^2*Wr*u*dd*t + H^2*Wl
      *u*dd*t + H^2*Gr*u*dd*t + H^2*Gl*u*dd*t + H^2*Br*u*dd*t + H^2*Bl*u*dd*t
       + 6*H^2*Hd*ed*Ld*t^2 + 6*H^2*Hd*Qd*dd*t^2 + 6*H^2*Hd*Q*u*t^2 + 2*H^2*Hd
      *Wr*ed*Ld + 2*H^2*Hd*Wr*Qd*dd + 2*H^2*Hd*Wl*Q*u + H^2*Hd*Gr*Qd*dd + H^2*
      Hd*Gl*Q*u + H^2*Hd*Br*ed*Ld + H^2*Hd*Br*Qd*dd + H^2*Hd*Bl*Q*u + 3*H^2*
      Hd^2*t^4 + 4*H^2*Hd^2*L*Ld*t + H^2*Hd^2*ee*ed*t + H^2*Hd^2*d*dd*t + H^2*
      Hd^2*u*ud*t + 4*H^2*Hd^2*Q*Qd*t + 2*H^2*Hd^2*Wr*t^2 + 2*H^2*Hd^2*Wr^2 + 
      2*H^2*Hd^2*Wl*t^2 + 2*H^2*Hd^2*Wl^2 + H^2*Hd^2*Gr^2 + H^2*Hd^2*Gl^2 + 
      H^2*Hd^2*Br*t^2 + H^2*Hd^2*Br*Wr + H^2*Hd^2*Br^2 + H^2*Hd^2*Bl*t^2 + H^2
      *Hd^2*Bl*Wl + H^2*Hd^2*Bl^2 + H^2*Hd^3*ee*L + H^2*Hd^3*Qd*ud + H^2*Hd^3*
      Q*d + H^3*Hd*u*dd*t + H^3*Hd^2*ed*Ld + H^3*Hd^2*Qd*dd + H^3*Hd^2*Q*u + 2
      *H^3*Hd^3*t^2 + H^4*Hd^4;

D=8 operators

993 of them for Nf=1
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What is Higgs boson really?

What is the next energy scale?

Oϕ OT OW OB OϕW OϕB Oγ Og Oye Oyu Oyd O2B O2W O3W O6Oϕ OT OW OB OϕW OϕB Oγ Og Oye Oyu Oyd O2B O2W O3W O6Oϕ OT OW OB OϕW OϕB Oγ Og Oye Oyu Oyd O2B O2W O3W O6Oϕ OT OW OB OϕW OϕB Oγ Og Oye Oyu Oyd O2B O2W O3W O6

10-3

10-2

10-1

1

10

32.

10

3.2

1

0.32

c i
/Λ
2 [
Te
V-

2 ]

Λ/
c i

[T
eV

]

HL-LHC HL+HELHC HL+LHeC

HL+ILC1000 HL+CLIC3000

HL+CEPC

HL+FCCee/eh/hh
HL+ILC500 HL+CLIC1500 HL+FCCee
HL+ILC250 HL+CLIC380 HL+FCCee240

Single operator fit
Global fit to ℒSILH

Oϕ OT OW OB OϕW OϕB Oγ Og Oye Oyu Oyd O2B O2W O3W O6Oϕ OT OW OB OϕW OϕB Oγ Og Oye Oyu Oyd O2B O2W O3W O6Oϕ OT OW OB OϕW OϕB Oγ Og Oye Oyu Oyd O2B O2W O3W O6
1
10
102
103

1
10
102
103

c i
/Λ
2 [
Te
V-

2 ]

Λ/
c i

[T
eV

]

Improvement wrt. HL-LHC

Te
V

10
Te

V
10

0T
eV

x10 HL-LHC

H
ig

gs
 c

ou
pl

in
g

H
ig

gs
 c

ou
pl

in
g

2000fb–1@250GeV 
200fb–1@350GeV 
4000fb–1@500GeV

Tomohiko Tanabe 
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baryogenesis + DM

SU(2) x U(1)
SU(2) x U(1)

SU(3)SU(3)

SMdark sector

Bdark=Ldark νR
LSM→BSM

arXiv:1911.12342, 

Higgs

ndark γ’ – γ mixing
e+e–

π0
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Dark Spectroscopy
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Dark Spectroscopy

Yonit Hochberg, Eric Kuflik, HM

Not studied for ILC yet!



If the asymmetry originates in the SM side transferred to the dark side

dark neutron dark proton



Introduction Higgs to invisible
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Comparison to direct detectionBSM scalar mediator

Higgs portal, plot for direct searches
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• Limits on BR can be translated to 
limits in the DM-nucleon plane 
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Caveat: EFT validity 
in Higgs-DM 

interaction not 
guaranteed beyond 

HL-LHC

e+e–

HL-LHCChinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.
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MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
→
E
xo
tic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.

.
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FIG. 2: 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 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A

0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A

0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A
0 couples to a light DM particle � (mA0 > m�), then the pa-

rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵EM this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.

14

Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.

5

EPJ Web of Conferences 212, 06005 (2019) https://doi.org/10.1051/epjconf/201921206005
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ILC-250 (1 year)

ILC-250 (20 years)

γ + N → a + N

✓ An order of magnitude better sensitivity than other beam dump experiments

YS, D.Ueda arXiv: 2009.13790
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[2] A benchmark setup (for √s=250 GeV, with passive muon shield)
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✓ Multiple scattering of electrons
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Better Late Than Never

Even mSUSY~10 TeV ameliorates 
fine-tuning from 10–36 to 10–4



higher energies
• main reason to go linear: extendable!


• 350GeV:  threshold


• 400GeV: open top


• 550GeV: 


• 1TeV: Higgs self coupling, vector boson scattering


• multi TeV: SUSY, extra dim, Z’, ….
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SUSY as 
a theoretical tool



Can we solve QCD?
• When we first learn about quarks,           

we get told we can never see them
• Internet Scam?
• Confinement!
• β<0 and asymptotic freedom 

• only suggestive, doesn’t prove 
confinement

• Another puzzle: proton and pion are made 
of same quarks
• why pion ≈ massless ≪ proton?

• chiral symmetry breaking
• not derived from QCD

αs(MZ
2) = 0.1179 ± 0.0010

α s
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From: Andre Ouedraogo andreouedraogo@hotmail.fr
Subject: [SPAM:XXXXXXXXX] ***JUNK MAIL*** waiting for your response

Date: August 28, 2013 at 5:25 PM
To:

Dear friend,
  I am Andre Ouedraogo, a banker by profession from Burkina Faso in West Africa and currently holding the post of Director Auditing
and Accounting unit of the bank. It's my urgent need for a foreign partner that made me to contact you for this business. I have the
opportunity of transferring the left over funds ($11.5 million) of one of my bank clients who died along with his entire family on 31 July
2000 in a plane crash. You can confirm the genuineness of the deceased death by clicking on this website. 
http://news.bbc.co.uk/1/hi/world/europe/859479.stm
I need a foreign partner who will support me because i can not claim this money alone without a foreign partner since the deceased
client (the owner of the fund) was a foreigner.

This fund ($11.5 million) will be shared between us in the ratio of 60/40. I agreed that 40% of this money will be for you as a respect to
the provision of a foreign account while 60% will be for me and I want to assure you that this transaction is absolutely legal and risk
free since i work in this bank and i have all the necessary information that might be needed. Before we proceed, i would like to know
your ability to handle this over there in your country.
Please tell me more about the political/economic stability/monetary policy of your country. I need to know all these because i don't
want to have problem with the Government of your country.

Kindly update me with the
following information because i want to know you more before we proceed on this transaction. Hope you will understand the
importance of this request.

1. Your full name........................
2. Your age/sex ..........................
3. your occupation ................
4. Your residential address ..................
5. Your nationality ..............
6. Your private phone number ..................
7. Your fax number ...................

I will be waiting for your response.
Thanks for your understanding.
Have a great day.
  Yours.
Andre Ouedraogo



Feeling even better
but not there yet

• Confinement (Seiberg-Witten)
• N=2 SYM has Coulomb branch u=TrΦ2

• singularities = massless monopole/dyon
• N=1 perturbation W = µu - (u-Λ2)M+M- 

• M+=M-=√µ≠0: monopole condensation!

• can further perturb to N=0 with mλ≠0
• Chiral symmetry breaking
• N=2 doesn’t have χS 

• N=1 (Seiberg) has too unusual phases
W =

p
2Q̃i�Q

i

<latexit sha1_base64="M4g/rNewRBb1YunUuAUCTzFdzFA=">AAACAHicdVBLS8NAGNz4rPUV9ehltQieQloLbQ9C0YvHFuwDmho2m027dPNw94tQQi5e/CteRLwo+Av8C/4b04eH+hhYGGZm2Z1xIsEVmOantrS8srq2ntvIb25t7+zqe/ttFcaSshYNRSi7DlFM8IC1gINg3Ugy4juCdZzR5cTv3DGpeBhcwzhifZ8MAu5xSiCTbP2og8+xpW4lJKUUW8CFy5JmanNsNYYcN2+4rRdMo1atnFVL+DcpGuYUBTRHw9Y/LDeksc8CoIIo1SuaEfQTIoFTwdK8FSsWEToiA5ZMC6T4JJNc7IUyOwHgqbqQI75SY9/Jkj6BofrpTcS/vF4MXrWf8CCKgQV09pAXCwwhnqyBXS4ZBTHOCKGSZz/EdEgkoZBtls+qf/fD/5N2ySiWjVqzXKhfzEfIoUN0jE5REVVQHV2hBmohih7QE3pFb9q99qg9ay+z6JI2v3OAFqC9fwG4uZWz</latexit>

add anomaly-mediated supersymmetry breaking
UV insensitivity allows study of composites
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<latexit sha1_base64="9eRUVYkfzFv+1rAqHSJJHwSm4qw=">AAAB73icdVDJSgNBFHwTtxi3UY9eGoPgaZiJgSS3oBdPEsEskIShp9OTNOlZ0t0TCMN8hxcRLwr+ib/g39hZPMSloKGoqua9el7MmVS2/WnkNja3tnfyu4W9/YPDI/P4pCWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3vhm7renVEgWhQ9qFtN+gIch8xnBSkuuafZ8gUnqOFlaytCdS1yzaFu1auWqWkK/iWPZCxRhhYZrfvQGEUkCGirCsZRdx45VP8VCMcJpVuglksaYjPGQpot9M3ShpQHyI6FfqNBCXcvhQMpZ4OlkgNVI/vTm4l9eN1F+tZ+yME4UDclykJ9wpCI0L48GTFCi+EwTTATTGyIywvoASp+ooKt/90P/k1bJcspW7b5crF+vjpCHMziHS3CgAnW4hQY0gcAUnuAV3oyJ8Wg8Gy/LaM5Y/TmFNRjvX/eFjx0=</latexit>

m≠0

3Nc

<latexit sha1_base64="GASKdCkhMGX8J+w86wnzcRo8VxY=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHwNEwWSHILevEkEZwkkITQ09OTNOlZ6H4jhJAf8CLiRcEP8hf8GzuLh7gUNBRV1bxXz0uk0Og4n1ZmY3Nreye7m9vbPzg8yh+ftHScKsZdFstYdTyquRQRd1Gg5J1EcRp6kre98fXcbz9wpUUc3eMk4f2QDiMRCEbRSG6Z3A7YIF9w7HqtWq6VyG9StJ0FCrBCc5D/6PkxS0MeIZNU627RSbA/pQoFk3yW66WaJ5SN6ZBPFyvOyIWRfBLEyrwIyUJdy9FQ60nomWRIcaR/enPxL6+bYlDrT0WUpMgjthwUpJJgTOZ9iS8UZygnhlCmhNmQsBFVlKG5Ss5U/+5H/ietkl2s2PW7SqFxtTpCFs7gHC6hCFVowA00wQUGAp7gFd4s33q0nq2XZTRjrf6cwhqs9y9sdIo1</latexit>

3

2
Nc

<latexit sha1_base64="AzWtAS/fuc7AwtLGxtuXaLUI0Aw=">AAAB7nicdVDJSgNBFHwTtxiXjHr00hgET8NMEkhyC3rxJBHMAkkYejo9SZOehe6eQBjmN7yIeFHwU/wF/8bO4iEuBQ1FVTXv1fNizqSy7U8jt7W9s7uX3y8cHB4dF82T046MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtetObhd+dUSFZFD6oeUyHAR6HzGcEKy25ZnHgC0zSSpaWM3TnEtcs2VajXqvUy+g3cSx7iRKs0XLNj8EoIklAQ0U4lrLv2LEaplgoRjjNCoNE0hiTKR7TdLluhi61NEJ+JPQLFVqqGzkcSDkPPJ0MsJrIn95C/MvrJ8qvD1MWxomiIVkN8hOOVIQW3dGICUoUn2uCiWB6Q0QmWPdX+kIFXf27H/qfdMqWU7Ua99VS83p9hDycwwVcgQM1aMIttKANBBJ4gld4M2Lj0Xg2XlbRnLH+cwYbMN6/AIjujuQ=</latexit>

0

<latexit sha1_base64="NncQKsWrgtXRUb+4g0NXt8tTywk=">AAAB3nicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBePCZgFkhB7Oj1Jk56F7jdCCLl6EfGi4Cf5C/6NncVDXAoaiqpq3qvnJ1JodJxPK7OxubW9k93N7e0fHB7lj0+aOk4V4w0Wy1i1faq5FBFvoEDJ24niNPQlb/njm7nfeuBKizi6w0nCeyEdRiIQjKKR6k4/X3Dsile+8orkN3FtZ4ECrFDr5z+6g5ilIY+QSap1x3US7E2pQsEkn+W6qeYJZWM65NPFejNyYaQBCWJlXoRkoa7laKj1JPRNMqQ40j+9ufiX10kx8HpTESUp8ogtBwWpJBiTeVcyEIozlBNDKFPCbEjYiCrK0FwkZ6p/9yP/k2bRdkt2pV4qVK9XR8jCGZzDJbhQhircQg0awIDDE7zCm3VvPVrP1ssymrFWf05hDdb7FxFtiNo=</latexit>

0

<latexit sha1_base64="NncQKsWrgtXRUb+4g0NXt8tTywk=">AAAB3nicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBePCZgFkhB7Oj1Jk56F7jdCCLl6EfGi4Cf5C/6NncVDXAoaiqpq3qvnJ1JodJxPK7OxubW9k93N7e0fHB7lj0+aOk4V4w0Wy1i1faq5FBFvoEDJ24niNPQlb/njm7nfeuBKizi6w0nCeyEdRiIQjKKR6k4/X3Dsile+8orkN3FtZ4ECrFDr5z+6g5ilIY+QSap1x3US7E2pQsEkn+W6qeYJZWM65NPFejNyYaQBCWJlXoRkoa7laKj1JPRNMqQ40j+9ufiX10kx8HpTESUp8ogtBwWpJBiTeVcyEIozlBNDKFPCbEjYiCrK0FwkZ6p/9yP/k2bRdkt2pV4qVK9XR8jCGZzDJbhQhircQg0awIDDE7zCm3VvPVrP1ssymrFWf05hDdb7FxFtiNo=</latexit>

run-away

moduli
Nc � 1

<latexit sha1_base64="8upp88UkWFwMThYzPuXseJH4zCc=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jATA0luQS+eJIKTBJIQeno6SZOehe43Qgj5AS8iXhT8IH/Bv7GzeIhLQUNRVc179fxECo2O82ll1tY3Nrey27md3b39g/zhUUPHqWLcY7GMVcunmksRcQ8FSt5KFKehL3nTH13P/OYDV1rE0T2OE94N6SASfcEoGsm77bELt5cvOHa1Ur6sFMlv4trOHAVYot7Lf3SCmKUhj5BJqnXbdRLsTqhCwSSf5jqp5gllIzrgk/mKU3JmpID0Y2VehGSuruRoqPU49E0ypDjUP72Z+JfXTrFf6U5ElKTII7YY1E8lwZjM+pJAKM5Qjg2hTAmzIWFDqihDc5Wcqf7dj/xPGkXbLdnVu1KhdrU8QhZO4BTOwYUy1OAG6uABAwFP8ApvVmA9Ws/WyyKasZZ/jmEF1vsXfdOKQA==</latexit>

Nc

<latexit sha1_base64="eVcRIpvi+2rD0sPnTXXN2qoiKgM=">AAAB4HicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBdPEtEskITQ0+lJmvQsdL8RQsjdi4gXBb/IX/Bv7Cwe4lLQUFRV8149P5FCo+N8Wpm19Y3Nrex2bmd3b/8gf3jU0HGqGK+zWMaq5VPNpYh4HQVK3koUp6EvedMfXc385gNXWsTRPY4T3g3pIBKBYBSNdHfTY718wbErXvnCK5LfxLWdOQqwRK2X/+j0Y5aGPEImqdZt10mwO6EKBZN8muukmieUjeiAT+YLTsmZkfokiJV5EZK5upKjodbj0DfJkOJQ//Rm4l9eO8XA605ElKTII7YYFKSSYExmbUlfKM5Qjg2hTAmzIWFDqihDc5Ocqf7dj/xPGkXbLdmV21Kherk8QhZO4BTOwYUyVOEaalAHBgN4gld4s3zr0Xq2XhbRjLX8cwwrsN6/AKbtic4=</latexit>

Nc + 1

<latexit sha1_base64="/INnkk3ze8qGiqb/z+NGE2sgwe4=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUEQhGEmBpLcgl48SQQnCSQh9PR0kiY9C91vhBDyA15EvCj4Qf6Cf2Nn8RCXgoaiqpr36vmJFBod59PKrK1vbG5lt3M7u3v7B/nDo4aOU8W4x2IZq5ZPNZci4h4KlLyVKE5DX/KmP7qe+c0HrrSIo3scJ7wb0kEk+oJRNJJ322MXbi9fcOxqpXxZKZLfxLWdOQqwRL2X/+gEMUtDHiGTVOu26yTYnVCFgkk+zXVSzRPKRnTAJ/MVp+TMSAHpx8q8CMlcXcnRUOtx6JtkSHGof3oz8S+vnWK/0p2IKEmRR2wxqJ9KgjGZ9SWBUJyhHBtCmRJmQ8KGVFGG5io5U/27H/mfNIq2W7Krd6VC7Wp5hCycwCmcgwtlqMEN1MEDBgKe4BXerMB6tJ6tl0U0Yy3/HMMKrPcvet2KPg==</latexit>

Nc + 2

<latexit sha1_base64="wM6vbeVn/4i4urz2pzD8YvJCedM=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUEQhGEmBpLcgl48SQQnCSQh9HR6kiY9C91vhBDyA15EvCj4Qf6Cf2Nn8RCXgoaiqpr36vmJFBod59PKrK1vbG5lt3M7u3v7B/nDo4aOU8W4x2IZq5ZPNZci4h4KlLyVKE5DX/KmP7qe+c0HrrSIo3scJ7wb0kEkAsEoGsm77bGLYi9fcOxqpXxZKZLfxLWdOQqwRL2X/+j0Y5aGPEImqdZt10mwO6EKBZN8muukmieUjeiAT+YrTsmZkfokiJV5EZK5upKjodbj0DfJkOJQ//Rm4l9eO8Wg0p2IKEmRR2wxKEglwZjM+pK+UJyhHBtCmRJmQ8KGVFGG5io5U/27H/mfNIq2W7Krd6VC7Wp5hCycwCmcgwtlqMEN1MEDBgKe4BXerL71aD1bL4toxlr+OYYVWO9ffFeKPw==</latexit>

3

2
Nc

<latexit sha1_base64="AzWtAS/fuc7AwtLGxtuXaLUI0Aw=">AAAB7nicdVDJSgNBFHwTtxiXjHr00hgET8NMEkhyC3rxJBHMAkkYejo9SZOehe6eQBjmN7yIeFHwU/wF/8bO4iEuBQ1FVTXv1fNizqSy7U8jt7W9s7uX3y8cHB4dF82T046MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtetObhd+dUSFZFD6oeUyHAR6HzGcEKy25ZnHgC0zSSpaWM3TnEtcs2VajXqvUy+g3cSx7iRKs0XLNj8EoIklAQ0U4lrLv2LEaplgoRjjNCoNE0hiTKR7TdLluhi61NEJ+JPQLFVqqGzkcSDkPPJ0MsJrIn95C/MvrJ8qvD1MWxomiIVkN8hOOVIQW3dGICUoUn2uCiWB6Q0QmWPdX+kIFXf27H/qfdMqWU7Ua99VS83p9hDycwwVcgQM1aMIttKANBBJ4gld4M2Lj0Xg2XlbRnLH+cwYbMN6/AIjujuQ=</latexit>

3Nc

<latexit sha1_base64="GASKdCkhMGX8J+w86wnzcRo8VxY=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHwNEwWSHILevEkEZwkkITQ09OTNOlZ6H4jhJAf8CLiRcEP8hf8GzuLh7gUNBRV1bxXz0uk0Og4n1ZmY3Nreye7m9vbPzg8yh+ftHScKsZdFstYdTyquRQRd1Gg5J1EcRp6kre98fXcbz9wpUUc3eMk4f2QDiMRCEbRSG6Z3A7YIF9w7HqtWq6VyG9StJ0FCrBCc5D/6PkxS0MeIZNU627RSbA/pQoFk3yW66WaJ5SN6ZBPFyvOyIWRfBLEyrwIyUJdy9FQ60nomWRIcaR/enPxL6+bYlDrT0WUpMgjthwUpJJgTOZ9iS8UZygnhlCmhNmQsBFVlKG5Ss5U/+5H/ietkl2s2PW7SqFxtTpCFs7gHC6hCFVowA00wQUGAp7gFd4s33q0nq2XZTRjrf6cwhqs9y9sdIo1</latexit>

no χSB

free

magnetic

IR

fixed point

IR free

IR free

χSB

m=0

???

χSB

Banks-Saks

fixed point

χSB

� ⇠ O(1)g4 �O(Nc)g
6

<latexit sha1_base64="XkO1PpO6eWK1H9t2fg8QNWl6wuo=">AAAB/nicdVDLSgMxFM3UV62vUZcuDBahXTjMSGvbXdGNK61gH9Bph0yamYZmHiQZoZSCG3/FjYgbBT/BX/BvTB8u6uNA4HDOCffe48aMCmman1pqaXlldS29ntnY3Nre0Xf3GiJKOCZ1HLGIt1wkCKMhqUsqGWnFnKDAZaTpDi4mfvOOcEGj8FYOY9IJkB9Sj2IkleToh7ZLJIK2oAG8zll5v1uAJ4pdOTgP/e6Zo2dNo1Iul4pF+JtYhjlFFsxRc/QPuxfhJCChxAwJ0bbMWHZGiEuKGRln7ESQGOEB8slouv4YHiupB72IqxdKOFUXcigQYhi4Khkg2Rc/vYn4l9dOpFfujGgYJ5KEeDbISxiUEZx0AXuUEyzZUBGEOVUbQtxHHGGpGsuo07/vg/+TxqlhFYzKTSFbPZ+XkAYH4AjkgAVKoAouQQ3UAQYP4Am8gjftXnvUnrWXWTSlzf/sgwVo719WZJL1</latexit>

? ?



Nf < Nc
• run-away superpotential for 

W = (Nc �Nf )

✓
⇤3Nc�Nf

detM

◆1/(Nc�Nf )

<latexit sha1_base64="+k1jt0q/2+HLONaAQSs5l9jZRB4="></latexit>

M ij = Q̃iQj

<latexit sha1_base64="+ijI3/KtnIeIgd9RLNJix51MPmg=">AAAB93icdVDJSgNBFHzjGuM26kXw0hgET8NMDCQ5CEEvXoQEzALZ6OnpSTrpWejuEYYh/ooXES8K/oW/4N84WTzEpaChqKrmvVd2yJlUpvmprayurW9sZray2zu7e/v6wWFDBpEgtE4CHoiWjSXlzKd1xRSnrVBQ7NmcNu3x9dRv3lMhWeDfqTikXQ8PfOYyglUq9fXj217CRhN0iTqKcYcmtUmPoVpv1NdzplEuFS9KefSbWIY5Qw4WqPb1j44TkMijviIcS9m2zFB1EywUI5xOsp1I0hCTMR7QZLb3BJ2lkoPcQKTPV2imLuWwJ2Xs2WnSw2oof3pT8S+vHSm31E2YH0aK+mQ+yI04UgGaloAcJihRPE4JJoKlGyIyxAITlVaVTU//vg/9Txp5wyoY5VohV7lalJCBEziFc7CgCBW4gSrUgcADPMErvGmx9qg9ay/z6Iq2+HMES9DevwDDMZJr</latexit>

ϕ

V

Supersymmetric
ADS potential

together with
AMSB

V =

�����2Nf
1

�

✓
⇤3Nc�Nf

�2Nf

◆1/(Nc�Nf )
�����

2

� (3Nc �Nf )m

✓
⇤3Nc�Nf

�2Nf

◆1/(Nc�Nf )

+ c.c.

<latexit sha1_base64="5s1Qk/G7tS5JjNS7uBmy5TTwoKE="></latexit>

Mij = ⇤2

✓
4Nf (Nc +Nf )

3Nc �Nf

⇤

m

◆(Nc�Nf )/Nc

�ij

<latexit sha1_base64="/fo3xio7GYwbACJEUw2+nYh6dT0="></latexit>

SU(Nf)LxSU(Nf)R➞SU(Nf)V
χSB! Proving Nambu

mesino loop➞WZW term

Nf=1 special

no NGB, gapped

M ij = �ij�2

<latexit sha1_base64="YdBigzywfYzCgkicKo6n0Ymvu98=">AAAB+nicdVDLSgMxFL1TX7W+Rl12EyyCq2GmFtouhKIbN0IF+4BOWzKZTBubeZBkhDJ24a+4EXGj4Ef4C/6N04eL+jgQODnnhNx7nIgzqUzzU8usrK6tb2Q3c1vbO7t7+v5BU4axILRBQh6KtoMl5SygDcUUp+1IUOw7nLac0cXUb91RIVkY3KhxRLs+HgTMYwSrVOrr+atewm4n6AzZLuUKz292NGS9Yl8vmEa1Uj6tFNFvYhnmDAVYoN7XP2w3JLFPA0U4lrJjmZHqJlgoRjid5OxY0giTER7QZDb6BB2nkou8UKQnUGimLuWwL+XYd9Kkj9VQ/vSm4l9eJ1ZepZuwIIoVDcj8Iy/mSIVo2gNymaBE8XFKMBEsnRCRIRaYqLStXLr6937of9IsGlbJqF6XCrXzRQlZyMMRnIAFZajBJdShAQQe4Ale4U271x61Z+1lHs1oizeHsATt/Qv/FJOu</latexit>



Nc+2 ≤ Nf < 3Nc/2
• “magnetic” IR-free SU(Nf–Nc) gauge theory

• look for the global minimum
• go along the meson direction with rank M=Nf

• integrate out dual quarks with
• pure SU(Nf–Nc) YM forms gaugino condensate 

SU(Nf)LxSU(Nf)R➞SU(Nf)V

W =
1

µ
M ijqiq̃j ! �M̃ ijqiq̃j

<latexit sha1_base64="yRf4MfgudPSO2ATyfQxuiXTuJZ8="></latexit>

W = (Nf �Nc)

✓
NfdetM

⇤3Nc�2Nf

◆1/(Nf�Nc)

<latexit sha1_base64="PYEwgwfBJ6j+b8TP8vMxpCYCgZE="></latexit>

V = Nf⇤
4

����
�

⇤

����
2Nc/(Nf�Nc)

� (2Nf � 3Nc)m⇤3

✓
�

⇤

◆Nf/(Nf�Nc)

+ c.c.

<latexit sha1_base64="gtL/1EuH6KuBjWCSYjj/ITssNjM="></latexit>

� = �1⇤

✓
2Nf � 3Nc

Nc

m

⇤

◆(Nf�Nc)/(2Nc�Nf )

⌧ ⇤

<latexit sha1_base64="wF8L4etDco/ncGdfq2sI7bXnu+M="></latexit>

M ij = ��ij

<latexit sha1_base64="0eV0jR9NonYIjoijemmXlzuWa30=">AAAB+HicdVDLSsNAFL2pr1pfUVfiZrAIrkJSC20XQtGNG6GCfYCpZTKZtGMnD2YmQg3FX3Ej4kbBr/AX/BvTtC7q48DA4Zwz3HuPE3EmlWl+armFxaXllfxqYW19Y3NL395pyTAWhDZJyEPRcbCknAW0qZjitBMJin2H07YzPJv47TsqJAuDKzWKaNfH/YB5jGCVSj197+ImYbdjdILsaMCQ7VKucCb19KJp1KqV42oJ/SaWYWYowgyNnv5huyGJfRoowrGU15YZqW6ChWKE03HBjiWNMBniPk2yxcfoMJVc5IUifYFCmTqXw76UI99Jkz5WA/nTm4h/edex8qrdhAVRrGhApoO8mCMVokkLyGWCEsVHKcFEsHRDRAZYYKLSrgrp6d/3of9Jq2RYZaN2WS7WT2cl5GEfDuAILKhAHc6hAU0g8ABP8Apv2r32qD1rL9NoTpv92YU5aO9fyqaTCg==</latexit>

ϕ

V

Supersymmetric
higher power potential

together with
AMSB

V ⇡ �⇤4
⇣m
⇤

⌘2Nc/(2Nc�Nf )

<latexit sha1_base64="LOQem9Zw6tUVWYjgvECIiFnGMkU="></latexit>



Why SUSY?
• mathematically interesting
• string theory needs it
• rationale for scalars
• helps stabilize inflaton potential
• gauge coupling unification
• dark matter candidate
• hierarchy (naturalness) problem
• fun for colliders
• baryogenesis?
• cosmological constant? 10–120 to 10–60

• as a tool to understand field theory
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