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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 

The Other Half of the Universe Discovered
July 23, 2011

Geneva, Switzerland



24 June 2013

Summary
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q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%

Z’ (dijet)
Z’ (tt lep+jet) width=1.2%

Z’SSM (ll) fbb=0.2
G (dijet)

G (ttbar hadronic)
G (jet+MET) k/M = 0.2

G (γγ) k/M = 0.1
G (Z(ll)Z(qq)) k/M = 0.1

W’ (lν)
W’ (dijet)

W’ (td)
W’→ WZ(leptonic)

WR’ (tb)
WR, MNR=MWR/2

WKK μ = 10 TeV
ρTC, πTC > 700 GeV

String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qqbar)

gluino, 3jet, RPV
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gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB

hyper-K, hyper-ρ=1.2 TeV
neutralino, cτ<50cm

0 1 2 3 4 5 6

Ms, γγ, HLZ, nED = 3
Ms, γγ, HLZ, nED = 6
Ms, ll, HLZ, nED = 3
Ms, ll, HLZ, nED = 6

MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-γ, nED = 3
MD, mono-γ, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2

MBH, Quantum BH, MD=3TeV, nED = 2
0 1 2 3 4 5 6Sh. Rahatlou 1

LQ1, β=0.5
LQ1, β=1.0
LQ2, β=0.5
LQ2, β=1.0

LQ3 (bν), Q=±1/3, β=0.0
LQ3 (bτ), Q=±2/3 or ±4/3, β=1.0

stop (bτ)
0 1 2 3 4 5 6

b’ → tW, (3l, 2l) + b-jet
q’, b’/t’ degenerate, Vtb=1

b’ → tW, l+jets
B’ → bZ (100%)
T’ → tZ (100%)

t’ → bW (100%), l+jets
t’ → bW (100%), l+l

0 1 2 3 4 5 6
C.I. Λ , Χ analysis, Λ+ LL/RR
C.I. Λ , Χ analysis, Λ- LL/RR

C.I., µµ, destructve LLIM
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C.I., single e (HnCM)
C.I., single µ (HnCM)
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C.I., incl. jet, constructive
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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



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
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theory：1964

design：1984

construction：1998

discovery of Higgs boson
July 4, 2012



Higgsdependence Day
July 4, 2012



naturalness

• 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



Theoretical Foundation 
for Scalar Bosons?

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

2 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



Multiverse

Naturalness



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!
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not elementary

What is Higgs really?

ILC	
Lumi 1920 fb-1, sqrt(s) = 250 GeV	
Lumi 2670 fb-1, sqrt(s) = 500 GeV

Only one?  (SM) 
has siblings?  (2DHM) 

not elementary?



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



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

21

H H

H

H H

H
~

W
~

Dm2

H ⇠
a
4p

m2

SUSY log(mHrH)

I still take it seriously



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

8

Planck Collaboration: Cosmological parameters
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been there before
Search All NYTimes.com

 

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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been there before

• CMB anisotropy

• universe younger than 
oldest stars?

• cosmologists got antsy

• it turned out a little “fine-
tuned”

• low quadrupole

• dark energy

“Big Bang not yet dead
but in decline”

Nature 377, 14 (1995)

“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
the history of the universe
Times, Jan 14 (1991)

– 73 –

Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides a
cosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,
and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Note
that these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.

1% tuning



theorist

experiments



LHCb

ATLAS
theorists

CMS

healthy field!



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



Grand Unification

60

40

20

i-1
(

)
Minimal Supersymmetric Model

 [GeV]
101810151012109106103

U(1)Y

SU(2)L

SU(3)C

60

40

20

i-1
(

)

Minimal Standard Model

 [GeV]
101810151012109106103

U(1)Y

SU(2)L

SU(3)C



Grand Unification

Wang, Wang, Yang

In our numerical study we input the central values of g1 and g2 while for g3 we require it in

the 3σ at the electroweak scale. Other inputs at the electroweak scale, for example, the top

Yukawa coupling yt, are extracted from the SM taking into account the threshold corrections.

Relevant details can be seen in the appendix of [15, 26]. Because of the uncertainty of the

GUT scale threshold contributions, we adopt the criteria that the gauge coupling unification

is satisfied when the three couplings differ within the range < 0.005.

10 2

10 3

10 4

10 5

10 2 10 3 10 4 10 5

(G
eV

)

MS

102 103 10 4 10 5 10 6

µ

M2 (GeV)

10 2

10 3

10 4

10 5

10 6

10 7

10 8

10 9

10 10

10 3 10 5 10 7 109

(G
eV

)

MS

10 3 105 107 10 9

µ
Gauge Coupling Unification

M2 (GeV)
Figure 1. The scatter plots of the parameter space with gauge coupling unification in case of universal
gaugino input (upper) and non-universal gaugino input (lower) at the GUT scale.

Fig.1 shows the result of the parameter space (M2, MS , µ) with successful gauge cou-

pling unification in case of universal condition Eq.(3.3) and non-universal condition Eq.(3.4),

respectively. We can see that the gaugino unification gives a stringent constraint on the

parameter space. From the upper-left panel we can find an upper bound for MS , which is

about 106 GeV. Since split SUSY requires MS ≫ Mg̃i , we can also obtain an upper bound

for M2 correspondingly. From the upper-right panel we can find upper limits for µ and M2,

which are around 100 TeV, independent of the MS value. However, the constraints for the

non-universal gaugino scenario are rather mild. From the lower panels, we can see that MS

can be as high as 1012 GeV while M2 can be 109 GeV. The µ parameter, which plays an

important role in gauge coupling unification, also has an upper bound around 105 GeV for

– 8 –



Dark Matter

Wang, Wang, Yang
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Figure 2. The scatter plots of the (µ, M2) parameter space satisfying constraints (1-4) including
dark matter relic density. The green ’×’ (red ’△’) can (cannot) achieve the gauge coupling unification.
The left panel is for the non-universal gaugino scenario proposed in this work while the right panel is
for the universal gaugino scenario studied in our previous work [15].
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Figure 3. Same as Fig.2, but showing the spin-independent cross section of dark matter scattering
off the nucleon. The curves denote the limits from XENON100(2012) and LUX as well as the future
XENON1T sensitivity.
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type-I see-saw and fix the largest right-handed neutrino Yukawa coupling to its “minimal”

value, g⌫ =
p
matmM/v, where M is the right-handed neutrino mass and matm ⇡ 0.06 eV is

the light neutrino mass renormalized at M . Taking into account its RGE e↵ects at two loops,

we find that, for m̃ > M , the predicted Higgs mass in High-Scale Supersymmetry increases as

shown in fig. 4. The e↵ect is roughly equivalent to the following correction to the high-energy

matching condition:

��(m̃) ' Mm⌫

4⇡2v2
ln

m̃

M
for m̃ > M (29)

which is irrelevant if M <⇠ 1014 GeV.

5.1 Implications of present Higgs searches at the LHC

Recent data from ATLAS and CMS provide a 99% CL upper bound on the SM Higgs mass of 128

GeV and a hint in favor of a Higgs mass in the 124�126GeV range [19]. The main implications

for the scale of supersymmetry breaking can be read from fig. 3 and are more precisely studied

in fig. 5, where we perform a fit taking into account the experimental uncertainties on the top

mass and the strong coupling.

The scale of Split Supersymmetry is constrained to be below a few 108 GeV. This implies

12

scalar top mass ≥ 10 TeV preferred

assumption: MSSM

Giudice, Strumia



Better Late Than Never

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



mini-split SUSY
pure gravity mediation

mZ

TeV

10-100TeV scalars

gauginos
higgsinos

Higgs

gravitino
anomaly
mediation
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• 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



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
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Scherk-Schwarz

• Maybe SUSY hidden in the data
• break SUSY with boundary conditions in 

5D

• @tree level, all SUSY particles degenerate 
at α/R similar to UED

• automatically compressed spectrum

• SUSY as light as 1TeV still OK
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Experimental Constraints

8

flavour/CP violation (e.g. K- or B-meson oscillations)

other ∆B=2 processes: di-nucleon decay

strong constraints for 1-2 mixing

NN—>KK, NN—>ππ

SuperKamiokande searches with 16O —> t > 1032y —> toscfree > 2.7x108s

LHC results (recasted)
CMS-PAS-EXO-15-010ATLAS multijet, arxiv:1502.05686
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Figure 3. The data are compared with the expected back-
ground shapes in the exclusive 6- and 7-jet bins before b-
tagging. The contents of the bins represent the number of
events with the given number of jets passing a given jet pT
requirement. The bins with less than 10% expected signal
contamination are control regions that are considered when
assigning systematic uncertainties to the background yield.
These control regions are the bins to the left of the vertical
red lines in the plots. (a) shows the 6-jet region, and (b)
shows the 7-jet region with h|⌘|i > 1.0.

of these figures. This procedure results in a background
systematic uncertainty in the pjetT � 120 GeV, � 7-jet
region of 14%, 15%, and 40% for � 0, � 1, � 2 b-tagged
jets, respectively.

E
ve

n
ts

 /
 2

0
 G

e
V

10

210

310

410

510

610

710

810

910 -1=8 TeV, 20.3 fbs
Data 

Extrapolation from 3 Jets

Extrapolation from 4 Jets

Extrapolation from 5 Jets

 = 600 GeV
g~

m

 = 1000 GeV
g~

m

ATLAS

 0 b-tags≥ 6 jets, ≥

 Requirement [GeV]
T

Jet p
60 80 100 120 140 160 180 200 220 240

R
a

tio
 T

o
 D

a
ta

0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

(a) � 6 jets, � 0 b-tagged jets

E
ve

n
ts

 /
 2

0
 G

e
V

1

10

210

310

410

510

610

710

810 -1=8 TeV, 20.3 fbs
Data 

Extrapolation from 3 Jets

Extrapolation from 4 Jets

Extrapolation from 5 Jets

 = 600 GeV
g~

m

 = 1000 GeV
g~

m

ATLAS

 0 b-tags≥ 7 jets, ≥

 Requirement [GeV]
T

Jet p
60 80 100 120 140 160 180 200 220

R
a

tio
 T

o
 D

a
ta

0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

(b) � 7 jets, � 0 b-tagged jets

Figure 4. The number of observed events in the inclusive
� 6-jet (top) and � 7-jet (bottom) signal regions compared
with expectations using the PYTHIA extrapolations from low
jet-multiplicity control regions, as a function of the jet p

T

re-
quirement. The distributions representing the extrapolations
across two units in jet multiplicity (red triangles) are used as
the final background prediction in each case, while the other
extrapolations are treated as cross-checks. � 0 b-tagged jets
are required. In the ratio plots the green shaded regions rep-
resent the background systematic uncertainties.

The bins in these distributions that were not as-
signed as control regions represent possible signal regions,
which may be chosen as a signal region for a particu-
lar model under the optimization procedure described in
Sec. VIII B. The level of disagreement between the expec-
tation and data is shown in Fig. 7 for the � 0 b-tagged
jets control and signal regions. In the b-tagged signal re-
gions similar agreement is observed between data and the

9

7 Results

We set upper limits on the production cross section using a Bayesian formalism with a uniform
prior for the cross section. The binned likelihood L can be written as

L = ’
i

µni
i e�µi

ni!
, (5)

where µi is defined as µi = aNi(S) + Ni(B) and ni is the measured number of events in the ith
bin of mav. Here, Ni(S) is the number of expected events from the signal in the ith mav bin, a is
a constant to scale the signal amplitude, and Ni(B) is the number of expected events from back-
ground in the ith mav bin. The likelihood is combined with the prior and nuisance parameters,
and then marginalized to give the posterior density for the signal cross section. Integrating the
posterior density to 0.95 of the total gives the 95% CL limit for the signal cross section. The
expected limits on the cross section are estimated with pseudo-experiments generated using
background shapes, obtained by signal-plus-background fits to the data. Closure tests are per-
formed where a fixed signal is injected, and these confirm that the presence of signal would not
be hidden in the estimated background.

Figure 6 shows the observed and expected 95% CL upper limits on s, the cross section, and a
dotted red line indicating the NLO+NLL predictions for top squark production [32–36], where
the top squark mass is equal to mav. The vertical dashed blue line at a top squark mass of
300 GeV indicates the transition from the low- to the high-mass limits, and at this mass point
the limits are shown for both analyses. The production of top squarks undergoing RPV decays
into light-flavor jets is excluded at 95% CL for top squark masses from 200 to 350 GeV. Top
squarks whose decay includes a heavy-flavor jet are excluded for masses between 200 and
385 GeV. We exclude the production of colorons decaying into four jets at 95% CL for masses
between 200 and 835 GeV, as seen in Fig. 7.
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Figure 6: Observed and expected 95% CL cross section limits as a function of top squark mass
for the inclusive (left) and heavy-flavor (right) RPV top squark searches based on results from
the low-mass (a) and high-mass (b) scenarios. The dotted red line shows the NLO+NLL pre-
dictions for top squark production, and the vertical dashed blue line indicates the boundary of
the limits between the low- and high-mass scenarios.

8 Summary

A search has been performed for pair production of heavy resonances decaying to pairs of jets
in four-jet events from proton-proton collisions at

p
s = 8 TeV with the CMS detector. The

CMS di-jet pair, arxiv:1412.7706

CMS dijet
ATLAS µ spect

LHC8 projection

charged stable

charge-strip
ped

ATLAS HCAL

g ! j j j  (RPV)~

prompt 3j resonance

FIG. 4: Recast constraints on displaced g̃ ! jjj via baryonic RPV. Colored bands indicate

acceptance variations up/down by 1.5. The dot-dashed lines indicate contours of mq̃/
q
�00
ijk. We

have parametrized the decay assuming that one species of o↵-shell RH squark dominates, and splits

into quarks via a single �00
ijk coupling. All final-state quarks are also assumed to be from the first

two generations. Prompt limits (gray) are derived from [73]. They are conservatively cut o↵ at

1 mm.

where one of the bottom decays produces a hard muon.9

The next model that we consider is gluino LSP. Considering only traditional superpoten-

tial RPV, the gluino decays by first transitioning into a virtual squark and a corresponding

real quark. The virtual squark then splits to two quarks through the UDD operator. The

full 3-body decay is g̃ ! jjj. There are again many options for flavor structure, which

may be engineered both at the level of the �00
ijk couplings and the squark mass spectrum.

Here, we simply assume decays into light flavors, though decays involving b-quarks could

again be subjected to weaker limits at low lifetimes, and decays involving t-quarks would

also receive constraints from the displaced searches involving leptons. Otherwise, we expect

fairly similar coverage. Of course, branching ratios into top also su↵er additional phase

space suppression.

Fig. 4 shows our estimated exclusions for g̃ ! jjj. The qualitative features are quite

9 The muon in this search is triggered from the standalone muon spectrometer, and is not explicitly required

to be isolated.
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Liu&Tweedie, arxiv:1503.05923
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SIMPlest Miracle

• SU(2) gauge theory with four doublets

• SU(4)=SO(6) flavor symmetry

• ⟨qi qj⟩≠0 breaks it to Sp(2)=SO(5)

• coset space SO(6)/SO(5)=S5

• 5 stable pions 

• π5(S5)=Z ⇒ Wess-Zumino term

• LWZ=εabcde εμνρσ πa∂μπb∂νπc∂ρπd∂σπe

Yonit Hochberg, Eric Kuflik, HM, Tomer Volansky, Jay Wacker

SIMP miracle3 
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data

taking.
The rest of the paper is organized as follows. In Sec. II

we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e

+

e

� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e

+

e

�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A

0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e

+

e

� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden

photon. In this scenario, the A

0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A

0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <

p
4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0

/mA0 . 1
which is necessary for the A

0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e

+

e

� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /

E events at
low-energy e

+

e

� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data

taking.
The rest of the paper is organized as follows. In Sec. II

we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e
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� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e
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collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
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⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A

0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e

+

e

� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
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a light mediator. Left: Resonant ⌥(3S) production, followed
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duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
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diators.)
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taking.
The rest of the paper is organized as follows. In Sec. II

we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e
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� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e
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collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.
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not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
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ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict
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in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0
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which is necessary for the A

0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e

+

e

� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
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For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
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electrically charged and so could not be light.
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search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
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estimate the reach of a similar search in a future e
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collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.
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Rare effects from  
high energies

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

• can be classified systematically

L = LSM +
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L6 + · · ·
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⇤
(LhHi)(LhHi) = m⌫⌫⌫

L6 = QQQL, L̄�µ⌫Wµ⌫Hl, ✏abcW
aµ
⌫ W b⌫

� W c�
µ ,

(H†DµH)(H†DµH), Bµ⌫H
†Wµ⌫H, · · ·



Power of Expedition

U
ni

fie
d

T
he

or
ie

s

10181016101410121010108106104102

experimental reach [GeV]
(with significant simplifying assumptions)

LHC
dark matter

quark flavor
lepton flavor

neutrino
proton deay

EDM

courtesy: Zoltan Ligeti



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⌫)
2

Brian Henning, Xiaochuan Lu, Tom Melia, HM
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One	more	Belle	update,		March	2016	(Moriond)

58

Uses	semileptonic	tagging

April 2016: 
The WA is now 
4.0σ from the SM

arXIv:	1603.06711 Tom Browder
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