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The standard model is 
incomplete

*what if gravity decouples from sm in the uv? 

running sm gauge couplings into far uv eventually 
gives landau pole in U(1)Y. would cause fermions to 

condense in uv. so uv completion of sm is unavoidable!

(1) “quantum” gravity consistent but non-renormalizable, 
demands uv completion at the planck scale; presumably 
also involves sm*. 

(2) we have incontrovertible evidence for additional fields 
and/or operators beyond sm.
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speculative bsm: there are places where 
theory preferences for parameters to be 

generic bump up against measured quantities.

Part 1: Speculative bsm



naturalness criteria
“dirac natural:” in theory with fundamental scale Λ, 

natural size of operator coefficients is  

cO = O(1)⇥ ⇤4��O

borne out countless times in nature & simulation.



naturalness criteria
“dirac natural:” in theory with fundamental scale Λ, 

natural size of operator coefficients is  

cO = O(1)⇥ ⇤4��O

“technically natural (’t hooft):” coefficients can be much smaller 
if there is an enhanced symmetry when the coefficient is zero.

cO = S ⇥O(1)⇥ ⇤4��O

where s  is a parameter that violates symmetry.

philosophical underpinning: quantum corrections respect symmetry; if symmetry 
is broken, quantum corrections proportional to symmetry breaking.

borne out countless times in nature & simulation.



naturalness in nature
dirac’s question: why is mp<<mPl?

18 orders of magnitude!

mp ⇠ ⇤QCD = MPle
2⇡
b3

1
↵s(MPl)

answer: qcd scale is dynamically generated by logarithmic 
evolution of qcd coupling: “dimensional transmutation”

the dimensionless coupling is O(1), totally natural



naturalness in nature
dirac’s question: why is mp<<mPl?

18 orders of magnitude!

mp ⇠ ⇤QCD = MPle
2⇡
b3

1
↵s(MPl)

answer: qcd scale is dynamically generated by logarithmic 
evolution of qcd coupling: “dimensional transmutation”

the dimensionless coupling is O(1), totally natural

flavor hierarchies

large range of yukawas, ye/yt ⇠ 10�5 y⌫/yt ⇠ 10�11

answer: not dirac natural, but technically natural!

in limit y→0, new symmetry of sm: U(3)5 flavor symmetry

radiative corrections to yukawas are proportional to yukawas 
(in such a way that makes flavor hierarchies numerically ok)



hierarchy problem�O = 2
natural ⇠ O(1)⇤2
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often heard: 
“higgs mass is quadratically divergent, standard 
model loops up to cutoff Λ give contribution:” 

but then you remember: divergences are not physical, we introduce 
counterterms to absorb them and use data to fix the couplings! 

why not cancel divergence with counterterm? Or better yet, use a 
regularization & renormalization scheme without divergences, e.g. dimensional 

regularization with minimal subtraction?

this is not what’s at stake here. The “quadratic divergence” above is an indication of the 
problem, but not the problem itself. First, some physics…



scalars are special

m  ̄
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Field Symmetry as Implication

(chiral symmetry)

(gauge invariance)

�m / m

None

Spin-1/2

Spin-1

Natural!

Natural!

Spin-0

Unnatural!

Hierarchy problem is not a “just-so story”

 ! ei↵�5 

mass not technically natural in sm,



two degrees of danger

1. The strong form of the hierarchy problem: the fundamental theory is 
finite. divergences encountered in an effective theory are physical (e.g. 
cutoff = lattice spacing), counterterms just implement tuning. the 
“quadratic divergence” in the smeft is a direct measure of fine tuning.  

2. The weak form of the hierarchy problem: let us only speak of 
observable quantities like pole masses. divergences are unphysical. the 
“quadratic divergence” in the SMEFT is a stand-in for finite threshold 
corrections from possible new physics. 

The strong form holds true in all known extensions of the standard model 
that are finite (e.g. supersymmetry, string theory), i.e., wherever the higgs 

mass can be predicted.

but even the weak form poses an immense danger.
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(weak) hierarchy problem

L =
1
2
(⇤⇥)2 � 1

2
m2⇥2 � �

4!
⇥4 + �̄i ⇥ ⇤��M�̄� + y⇥�̄�

Consider a toy model with a scalar and Dirac fermion:

Imagine we arrange for the scalar to be much lighter, m << M.  
We can study the effective theory at energies E << M.

This entails integrating out the fermions at the scale M and matching 
between the effective theory and the full theory.



The hierarchy problem
Imagine computing the scalar mass in the effective theory with a hard momentum cutoff Λ:

m2
eff = m2 +

y2

16�2
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�
µ

+ c3M
2 +O(M4/�2)
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Or we can compute it using dimensional regularization in 4-∊ dimensions with minimal subtraction:

m2
eff = m2 +

y2

16⇥2

hc2

�
m2 + c3M

2 +O(�)
i

In both cases, we can write the answer in terms of the renormalized mass m²(μ=M):

m2
eff (µ = M) = m2(µ = M) +

c3y2

16�2
M2

No dependence on cutoff, but physical dependence on M.



The hierarchy problem
m2

eff (µ = M) = m2(µ = M) +
c3y2

16�2
M2

scalar wants to be within a loop factor of the dirac fermion. To keep scalar 
lighter, need to tune renormalized parameters of the full theory so there is 

a cancellation on the RHS.

y2

16�2

m2

M2This requires a tuning of order

see fine-tuning in terms of renormalized parameters, independent of regulator; 
it’s apparent even in dim. reg. where there are no quadratic divergences.

The intuition about quadratic 
divergences is correct if we associate 
Λ~M, i.e., cutoff ~ threshold.

�m2
H / y2

16⇡2
⇤2



bsm strikes back
Higgs boson.

Details depend on the precise model of unification, and the representation into
which the Higgs is embedded. For example, in SU(5) unification the SM gauge bosons
are embedded into the 24 of SU(5), which decomposes into the SM gauge bosons plus
X gauge bosons transforming in the (3, 2)�5/6

+ conjugate representation. Moreover,
the Higgs is embedded in a 5̄ of SU(5). In this case there are loops involving a triplet
scalar Higgs and X boson of the form

H

T

X

H

In general, these loops of heavy bosons give corrections of order

�m2

H ⇠ ↵GUT

4⇡
M2

GUT (21)

The original apparent scale of unification in nonsupersymmetric theories was
O(1015) GeV, while bounds on proton decay now imply MGUT & 1016 GeV. So
grand unification implies a huge hierarchy problem.

Hierarchy problems can be even worse than the one we see in quantum e↵ects;
it can be classical. For example, in SUSY GUT models there are Higgs multiplets
in the 5 and 5̄ of SU(5), and the triplet states must be heavy (on the order of the
GUT scale) to avoid dimension-5 proton decay. Problem is unified mass term 5̄†5̄.

Moreover, now the symmetries of the theory admit couplings to the heavy scalar
� that breaks the SU(5) unified symmetry, i.e. 5̄�5, and � acquires a GUT-scale
vev to break the unified symmetry. This generically implies the masses of doublet
and triplet Higgs bosons are on the order of the GUT scale from tree-level e↵ects!1

1
This can be ameliorated in more complicated GUT models such as SO(10) via the Dimopoulos-

Wilczek mechanism, or in orbifold GUTs.
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unification

�m2
H ⇠ ↵GUT

4⇡
M2

GUT

dark matter

So classical naturalness problems are often even more of a threat than quantum
ones. More generally, this implies that any scalars acquiring large vevs must have
tremendously small couplings to the Higgs in order to avoid introducing new fine-
tuning problems.

Let’s now turn to the e↵ects of new fermions. Very generally, consider adding a
new fermion  to the Standard Model, charged under SU(2)L ⇥U(1)Y . Even before
trying to include Yukawa couplings to the Higgs, it gives corrections to the Higgs
mass at two loops via diagrams of the form

which corrects the Higgs mass by an amount

�m2

H ⇠
⇣ ↵

4⇡

⌘
2

⇥ g

✓
m2

W

m2

 

◆
⇥ m2

 

(22)

where g is a O(1) dimensionless function. Such states, if they exist, should be
lighter than about 10 TeV in order to avoid introducing a fine-tuning problem.

We could further imagine that this new fermion couples to the Higgs directly
with a Yukawa interaction. For example, there could be fermions  , such that the
coupling

y H (23)

is allowed, or  could be a new fermion with electroweak quantum numbers and
 could be an existing SM chiral fermion. In this case there is a one-loop diagram
feeding into the Higgs mass, with

�m2

H ⇠ C
y2

16⇡2

m2

 (24)

Avoiding fine-tuning from this requires ym . TeV.
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N

L

H

1

neutrinos

�m2
H = � 1

4⇡2

X

ij

|yij |2M2
j

Quantum numbers DM could DM mass mDM± �mDM Finite naturalness �SI in
SU(2)L U(1)Y Spin decay into in TeV in MeV bound in TeV 10

�46
cm

2

2 1/2 0 EL 0.54 350 0.4⇥
p
� (0.4± 0.6) 10�3

2 1/2 1/2 EH 1.1 341 1.9⇥
p
� (0.3± 0.6) 10�3

3 0 0 HH⇤
2.0 ! 2.5 166 0.22⇥

p
� 0.12± 0.03

3 0 1/2 LH 2.4 ! 2.7 166 1.0⇥
p
� 0.12± 0.03

3 1 0 HH,LL 1.6 ! ? 540 0.22⇥
p
� 0.001± 0.001

3 1 1/2 LH 1.9 ! ? 526 1.0⇥
p
� 0.001± 0.001

4 1/2 0 HHH⇤
2.4 ! ? 353 0.14⇥

p
� 0.27± 0.08

4 1/2 1/2 (LHH⇤
) 2.4 ! ? 347 0.6⇥

p
� 0.27± 0.08

4 3/2 0 HHH 2.9 ! ? 729 0.14⇥
p
� 0.15± 0.07

4 3/2 1/2 (LHH) 2.6 ! ? 712 0.6⇥
p
� 0.15± 0.07

5 0 0 (HHH⇤H⇤
) 5.0 ! 9.4 166 0.10⇥

p
� 1.0± 0.2

5 0 1/2 stable 4.4 ! 10 166 0.4⇥
p
� 1.0± 0.2

7 0 0 stable 8 ! 25 166 0.06⇥
p
� 4± 1

Table 1: Minimal Dark Matter. The first columns define the quantum numbers of the possible
DM weak multiplets. Next we show the possible decay channels which need to be forbidden; the
DM mass predicted from thermal abundance (the arrows indicate the effect of taking into ac-
count non-perturbative Sommerfeld corrections, which have not been computed in all cases); the
predicted splitting between the charged and the neutral components of the DM weak multiplet;
the bound from finite naturalness and the prediction for the Spin-Independent direct detection
cross section on protons �SI.

• For a generic fermionic multiplet with hypercharge Y and dimension n under SU(2)L

we find
�m2

=

cnM2

(4⇡)4

✓
n2 � 1

4

g42 + Y 2g4Y

◆✓
6 ln

M2

µ̄2
� 1

◆
(21)

where c = 1 for Majorana fermions (Y = 0 and odd n) and c = 2 for Dirac fermions
(Y 6= 0 and/or even n). For n = 3 and Y = 0 we recover the type-III see-saw result of
eq. (12).

• For a scalar multiplet we find

�m2
= � nM2

(4⇡)4

✓
n2 � 1

4

g42 + Y 2g4Y

◆✓
3

2

ln

2 M
2

µ̄2
+ 2 ln

M2

µ̄2
+

7

2

◆
. (22)

For n = 3 and Y = 0 we recover the type-II see-saw result of eq. (17).

We then show in table 1 the finite naturalness upper bounds on M for the various possible
MDM multiplets. Furthermore, table 1 shows the predictions for the DM mass M suggested
by the hypothesis that DM is a thermal relic with cosmological abundance

⌦DMh
2
= 0.1187± 0.0017 [27]. (23)

(Such results differ from the analogous table of [24] because M has been recomputed taking
into account Sommerfeld effects [28], which lead to the change indicated by the arrows in

8

problem is, all of our other motivated bsm theory introduces such corrections.

finite corrections from loops of 
heavy gauge bosons/higgs triplets. finite corrections 

from lepton + RHN

finite corrections at 
two loops from wimp 

dark matter (i.e. lives in 
SU(2) multiplet)



gravity strikes back

2.2.2 Things we should believe

But maybe we are willing to give up on all of these things. Neutrino masses could
be dim-5 operator, dark matter a total SM singlet, unification an illusion, flavor a
fact about matrices.

But some UV completion is forced upon us. We have already encountered the
physics of quantum gravity at a scale MP ⇠ 1019 GeV. Do not have a complete theory
of quantum gravity, although it is likely that the answer lies in string theory. Not yet
able to compute the mass of the Higgs in a complete string theory, the expectation is
that string theory contains heavy states whose masses are close to the Planck scale
that would give corrections to the Higgs mass.

Clear that this is a problem, but make it even more apparent. Even new states
coupling to the Higgs through loops of perturbative gravitons give a large threshold
correction. For example, imagine there is some massive Dirac fermion  with mass
m
 

and it coupled to the Standard Model only gravitationally. Then as long as we
are at energies E ⌧ MP l we can compute loop diagrams including gravitons. The
correction to the Higgs mass in this case arises at two loops,

and gives a correction parametrically of order

�m2

H ⇠ m2

H

(16⇡2)2

m4

 

M4

P l

This correction is small because the graviton coupling to a massless, on-shell par-
ticle at zero momentum vanishes, and so the result is proportional to mH .

However, we could also have a three-loop diagram where the graviton couples to
a loop of top quarks,

16

�m2
H ⇠ m2

H

(16⇡2)2
m4
 

M4
Pl

(small because the graviton coupling to a massless, on-shell particle 
at zero momentum vanishes, so result is proportional to mH)

gravity is worse.

don’t know the theory of quantum gravity, but reasonable to 
suppose it contains new states whose mass is of order MPl

consider e.g. a heavy fermion that 
only couples to the higgs through 

loops of gravitons. 

(can compute this using quantum 
gravity eft)

hey wait, that’s not so bad!



gravity strikes back harder

The correction from this diagram is parametrically of the form

�m2

H ⇠ 6y2

t

(16⇡2)3

m6

 

M4

P l

and is much larger because now the gravitons are coupling to o↵-shell states.

If m
 

⇠ MP l, correction is ⇠ 6y2
t

16⇡2

M2
Pl

(16⇡2
)

2 . Of course at this point we doubt the
validity of our gravity EFT, but this parametrically validates our naive expectation
from the cuto↵ argument, now with ⇤ ⇠ MP l/16⇡2. So even gravitational physics is
su�cient to feed through threshold corrections to the Higgs mass.

The conclusion is that if there are any other states out there, even ones that only
couple to the Higgs gravitationally, they give a threshold correction to the Higgs
mass that is proportional to the mass scale of the new states. We can see these
corrections in MS or any other scheme; they are physical threshold corrections and
have unambiguous value. The result using a hard cuto↵ was merely a placeholder
for threshold corrections, which we could only see in MS if we had actual physical
states in the theory.

2.2.3 Things we must believe

Finally, one might hope that the theory of quantum gravity somehow decouples in
such a way as to avoid inducing new scales for the Standard Model. If we are so for-
tunate as to imagine that gravity does not introduce a physical cuto↵ at the Planck
scale, then we are faced with another problem.

Now there is nothing to cut o↵ the running of Standard Model couplings as we
go to higher and higher energies. This is problematic because the Standard Model

17

�m2
H ⇠ 6y2t

(16⇡2)3
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M4
Pl

⇤ ⇠ MPl/16⇡
2

gravity is worse.

meh, let’s go to three loops, so the graviton couples via a loop of top 
quarks. top quarks are off shell, so coupling not suppressed

now we find a correction proportional to mass 
of the heavy fermion,

summing over all sm particles in the loop, 
this looks like our naive one-loop quadratic 

divergence  calculation with

so even heavy stuff with purely gravitational couplings to sm 
gives large finite corrections.



The three-fold Path

1.the hierarchy problem is not solved dynamically; the 
Higgs is finely tuned. perhaps there is still an 
explanation, e.g. anthropics. 

2.The hierarchy problem is solved because there is no 
hierarchy; the fundamental cutoff of the higgs (or the 
whole SM) is near the weak scale. 

3.The hierarchy problem is solved by new symmetries 
entering near the weak scale that makes the theory 
finite and insensitive to uv physics.

three possibilities:

No firm anthropic bound exists.

No evidence near mh.



3. New symmetries
• at a scale not far above the Higgs mass, new physics 

associated with some extended symmetry enters. 

• the higgs mass is technically natural in this more 
symmetric theory.  

• the fundamental cutoff (e.g. quantum gravity) is at 
much higher scales; the extended symmetry protects 
the higgs from this cutoff and any other physics at 
higher energies. 

• Now Higgs mass is sensitive to finite corrections from 
new physics scale; hierarchy problem is recapitulated 
unless this scale is close to the weak scale.



What’s the scale?

Δ ≲1 (no tuning) requires Λ ≲ 500 GeV; 

Δ ≲10 (10%-level tuning) requires Λ ≲ 1.6 TeV; 

 Δ ≲100 (1%-level tuning) requires Λ ≲ 5 TeV. 

� ⌘ 2�m2
H

m2
h

A guidepost to where new physics should enter; in the SM with a uniform 
cutoff Λ, SM loops up to Λ give 

The hierarchy problem is sensitivity to 
higher scales; quantify sensitivity of 
Higgs mass to new physics via ratio

�m2
H(µ) =

�2

16⇤2


6⇥(µ) +

9
4
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3
4
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Y (µ)� 6⇥2
t (µ)

�

Expect new physics to enter and alter SM at some scale*

*Best-case scenario, no large logs



The naturalness strategy
This is a strategy for new physics near mh, not a no-lose theorem, 

because the theory does not break down if it is unnatural. 

E.g. charged pions

Electromagnetic contribution to the charged pion mass 
sensitive to the cutoff of the pion EFT.

But naturalness has often been a very successful strategy. 
we have other scalars in nature, thanks to qcd.

Rho meson (new physics!) enters at 770 MeV: Δ~1

m2
⇡± �m2

⇡0 =
3↵

4⇡
⇤2

m2
⇡± �m2

⇡0 = (35.5MeV)2 ) ⇤ < 850MeV

pions are goldstones, but electromagnetism explicitly 
breaks global symmetry.



possible symmetries

The Coleman-Mandula theorem (1967): in a theory with

non-trivial interactions (scattering) in more than 1+1 dimensions,

the only possible conserved quantities that transform as tensors un-

der the Lorentz group are the energy-momentum vector Pµ, the gen-

erators of Lorentz transformations Mµ⌫ , and possible scalar symme-

try charges Zi corresponding to internal symmetries, which commute

with both Pµ and Mµ⌫ .

extension to spinor symmetry charges by haag, lopuszanski, sohnius

so the options are: global symmetry or supersymmetry 
(can fancy the theory up in extra dimensions, etc., but 4D effective theory still uses one 

of these symmetries)

what symmetries might we employ?



Supersymmetry Global symmetry

}
Supersymmetry 

Sparticles m̃

≲4π/G

Higgs mh

Global symmetry 
Partner particles m̃

possible symmetries

} ≲4π/G

Higgs mh

Extend the SM with a symmetry acting on the Higgs



New particles

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

Continuous symmetries commuting w/ SM → 
partner states w/ SM quantum numbers

Contribute to the Higgs mass:

�! �+ ✏ 
� ! (1 + i↵T )�

Supersymmetry Global symmetry

 !  + cµ@µ�

Opposite-statistics partner 
for every SM particle

Same-statistics partner 
for every SM particle



supersymmetry
bose-fermi symmetry,  

predicts opposite-
statistics partner 

for every state in the 
sm. e.g. scalar 
partners for 

fermions, fermionic 
partners for scalars 

& gauge bosons. 
couplings dictated by 

symmetry

need extended higgs 
sector in order to 
write down all sm 
yukawa couplings



supersymmetry

L � ytHQ3t
†
R + |yt|2|H · Q̃3|2 + |yt|2|H|2|t̃R|2

� 6y2t
16⇡2

⇤2 +
6y2t
16⇡2

⇤2

new interactions related by supersymmetry to sm 
interactions. e.g. in top-stop sector,

to see that symmetry eliminates uv sensitivity, compute 
“quadratic divergence”, which cancels between top & stop loops

leaves only finite threshold correction m2
H ⇠ � 6y2t

16⇡2
m̃2

t

supersymmetry protects against arbitrary physics at high 
scales, but superpartners must enter near weak scale.



SUSY expectations

h~
bL
~ tR~tL~

g~

w~

h

5 TeV

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

Best case scenario given null results: 
superpartner mass hierarchy inversely 

proportional to contribution to Higgs mass

[Dimopoulos, Giudice ‘95; Cohen, Kaplan, Nelson ’96; Papucci, 
Ruderman, Weiler ’11; Brust, Katz, Lawrence, Sundrum ’11]

“Natural SUSY”

26

QCD production of stops, gluinos 
leads to strongest constraints

�m2
h / µ2

(“higgsinos”)

(stops)

etc…



Higgsino signals

h~
bL
~ tR~tL~

g~

w~

h

5 TeV

“Natural SUSY”
Lots of searches…

…but no irreducible limits
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Combined exclusion regions,
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1
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h

Chargino-neutralino splitting in 
pure higgsino multiplet: 355 MeV 

[Thomas, Wells ’98]
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h~
bL
~ tR~tL~

g~

w~

h

5 TeV

“Natural SUSY”

Stop signals
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h~
bL
~ tR~tL~

g~

w~

h

5 TeV

“Natural SUSY”

Stop signals
�m2

H ⇠ � 3

8⇡2
y2t (m

2
Q3

+m2
u3

+ |At|2) log(⇤/TeV)

� ⌘ 2�m2
H

m2
h

Quantify tuning (as 
you like)

Generic limit* > 800 GeV (both stops)  
→ Δ~90 (1% tuning) 

(Λ = 100 TeV)

* I’ll come back to this29



h~
bL
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w~
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5 TeV

“Natural SUSY”

Gluino signals
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LSP carries substantial momentum; MET signal only reduced because LSP 
decays are typically back-to-back. Any ISR can increase the MET signal. 

But: MET reduction is not robust.

Robust reduction in event activity. Small splitting between mass of 
particle and LSP leaves little room for Missing energy.

Effective against searches using high 
activity.

break the Signal 1: Compression



compression

Living here? Have to contend with 
stop1-stop2 limits

Living here? LSP mass implies 
higgsino tuning (~10%)
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how well does it work in practice?

running out of room for compression @ lhc.
33

+still have to worry about gluinos.



Break the signal 2: RPV
• MET signatures arose because we assumed R-parity, which renders LSP stable. No R-

parity, no stable LSP, no MET. 

• If we violate R-parity, we can now write down new marginal and relevant 
operators: 

• 48 new complex parameters (3+9+27+9). 

• These operators individually violate baryon or lepton number. Disastrous if both B 
and L violation are present. 

• Even if only B or L is violated, constraints on light-generation RPV couplings from 
e.g., N-N̄ oscillation or μ→eγ. Helpful to have a theory for origin of RPV operators! 

• One idea: MFV SUSY, RPV coefficients governed by minimal flavor violation. Only UDD is 
nonzero, with coefficients proportional to YuYdYd. 

WRPV = µiHuLi +
1
2
�ijkLiLjE

c
k + �0

ijkLiQjD
c
k +

1
2
�00

ijkU c
i Dc

jD
c
k



R-Parity violation
In practice, leptons are killers. RPV can help 

provided no leptons → baryonic RPV. 
 Prompt, because displaced searches powerful.
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃ <∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio≃ 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].
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Gluinos > 1 TeV (5%)
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2016-0781.35 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0781.86 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<400 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2016-0781.83 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 13.2 m(χ̃
0
1)<400 GeV ATLAS-CONF-2016-0371.7 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1

2 e, µ (SS) 0-3 jets Yes 13.2 m(χ̃
0
1) <500 GeV ATLAS-CONF-2016-0371.6 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 14.8 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 14.8 m(χ̃
0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 13.2 m(χ̃

0
1)<150 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2016-037325-685 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077117-170 GeVt̃1 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 4.7/13.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2016-07790-198 GeVt̃1 205-850 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 13.3 m(χ̃
0
1)<300 GeV ATLAS-CONF-2016-038290-700 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-475 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) 1407.0350355 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029715 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110270 GeVχ̃±

1 , χ̃
0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃
GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493590 GeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 13.2 m(t̃1)<750 GeV ATLAS-CONF-2016-0371.3 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: August 2016

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.Stops > 500 GeV (5%)



Break the Signal 3: stealth
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Figure 3: The g̃ ! S̃ ! G̃ simplified model in the SYY scenario. Effectively, a gluino decays to three gluons (plus a soft
particle), so the signal is g̃g̃ ! 6 jet + soft.

Figure 4: Bound on the g̃ ! S̃ ! G̃ decay chain. The red solid line is the 95% confidence exclusion from the ATLAS
multijet search [104, 105], and the red dashed line is a conservative constraint in which we weaken the bounds by a
factor of 2 to account for possible systematic overestimation of the signal efficiency.

4.2 The g̃ ! t̃ ! S̃ ! G̃ Decay Chain
The decay chain with a right-handed stop as the lightest MSSM superpartner splits into two cases: in the
SHu Hd model, the stop decays as t̃ ! tS̃, while in the SYY model it decays as t̃ ! tgS̃. Thus there
are slightly different signatures in terms of kinematics and jet multiplicity, and we provide two different
exclusion plots. In both cases, we consider a gluino that decays to tt̃R (and its charge conjugate) or, if phase
space is insufficient, to the 3-body final state bW� t̃R.

Both models are well constrained by the ATLAS multijet search [104, 105], the ATLAS same-sign dilep-
ton or 3-lepton search [117], and the CMS same-sign dilepton search with b-jets [114]. The ATLAS multijet
search signature is events with high jet multiplicities without any constraints on missing transverse mo-
mentum. Such searches are well suited for these models due to the stop decay, which produces events with
jets and multiple leptons. Of the signal regions in the ATLAS same-sign dilepton search, the SR3b region
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Figure 3: The g̃ ! S̃ ! G̃ simplified model in the SYY scenario. Effectively, a gluino decays to three gluons (plus a soft
particle), so the signal is g̃g̃ ! 6 jet + soft.
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factor of 2 to account for possible systematic overestimation of the signal efficiency.

4.2 The g̃ ! t̃ ! S̃ ! G̃ Decay Chain
The decay chain with a right-handed stop as the lightest MSSM superpartner splits into two cases: in the
SHu Hd model, the stop decays as t̃ ! tS̃, while in the SYY model it decays as t̃ ! tgS̃. Thus there
are slightly different signatures in terms of kinematics and jet multiplicity, and we provide two different
exclusion plots. In both cases, we consider a gluino that decays to tt̃R (and its charge conjugate) or, if phase
space is insufficient, to the 3-body final state bW� t̃R.

Both models are well constrained by the ATLAS multijet search [104, 105], the ATLAS same-sign dilep-
ton or 3-lepton search [117], and the CMS same-sign dilepton search with b-jets [114]. The ATLAS multijet
search signature is events with high jet multiplicities without any constraints on missing transverse mo-
mentum. Such searches are well suited for these models due to the stop decay, which produces events with
jets and multiple leptons. Of the signal regions in the ATLAS same-sign dilepton search, the SR3b region
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ATLAS multijets

Figure 8: Bound on the g̃ ! t̃ ! H̃ ! S̃ ! G̃ decay chain. At left: bound for the SHu Hd model. At right: bound
for the SYY model (right). The purple curves correspond to the CMS same-sign dilepton plus jets search [114]; the
red curves correspond to the ATLAS multijet search [104, 105] and the blue curves correspond to the ATLAS search
requiring at least three b-jets plus missing energy [118, 119]. Solid lines correspond to 95% CLs exclusion limits using
the best signal region from a given search, and dashed lines weaken the bound by a factor of 2.
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Figure 9: The t̃R ! S̃ ! G̃ simplified model. Left: diagram of decays.The green “+g” in the stop decay applies only
to the SYY scenario, not the SHu Hd one. Right: Feynman diagram for the most common decay chain. We show the
SHu Hd scenario in black, with the green gluons indicating the most common decays in the alternative SYY scenarios.
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Figure 10: Bounds on the t̃ ! S̃ ! G̃ decay chain. At left: 68% CLs exclusion bound on the SYY model from the
CMS measurement of tt̄ + jets [113]. At right: 95% CLs exclusion bound on the SHu Hd model from the tt̄ + multi-b-jet
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b (g)

b (g)

Figure 11: The t̃R ! H̃ ! S̃ ! G̃ simplified model. Left: diagram of possible decays. Right: example Feynman
diagram for the most common decay chain in the SHu Hd model (black), plus alternative singlet decay in the SYY
model (green) and other possible stop decay chains in both models (orange).
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Stealth SUSY: erase MET by decaying into sector with small non-SUSY splitting 
Motivates addition of hidden sectors to the MSSM.

Trade MET for 
additional event 
activity, migrate 

signals to exotics; 
sometimes you 
win, sometimes 

you lose.

[Fan, Reece, Ruderman; Fan, Krall, Pinner, Reece, Ruderman] 36



γ τ j t W Z h MET

γ H,A H χ01

RPV RPV RPV RPV

τ H,A RPV RPV τ̃

j H,A RPV q ̃

t H,A t ̃

W H H± χ±

Z H A h ̃

h H h ̃

MET h

susy the signal generator

however you feel about the hierarchy problem, supersymmetry 
populates a vast array of signals at colliders. 


